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Liriodendron tulipifera L. (Magnoliaceae) is a widespread tree in 
eastern North American deciduous forests that has considerable population 
structure. Populations in the southern United States have widely divergent 
cpDNA haplotypes and allozyme alleles when compared to northern 
populations, and a geographically isolated group of populations in the 
Florida Peninsula have magnitudes of genotypic, phenotypic, and ecological 
differences that, when compared to continental populations, suggest these 
populations may represent a new species. This study tests the hypothesis 
that genotypically and phenotypically divergent populations of L. tulipifera 
in the Florida Peninsula and coastal plain should be taxonomically treated as 
a separate species and sub-species, respectively, as suggested by the results 
of previous cpDNA and allozyme studies. Population demography and 
phylogeography are investigated from 137 samples from 55 populations 
with cpDNA sequences from three molecular markers (psbA-trnH, trnL 







species delimitation are used: a traditional phylogenetic approach, and the 
recently popular species discovery plus validation approach. To discover 
species, maximum likelihood trees are built in RAxML, Bayesian clustering is 
implemented in the program Structure and neighbor-joining trees of 
pairwise Fst are constructed. Various hypotheses of the number of species 
and the composition of those species are validated by analysis of molecular 
variance (AMOVA) and the likelihood-based methods in the program 
spedeSTEM. All of the clustering methods sub-divide L. tulipifera into 
clusters located in continental North America and the Florida Peninsula, but 
are incongruent in their recovery of a distinct coastal plain cluster. 
Validation analyses support the presence of a third, unrecognized species of 
Liriodendron in the Florida Peninsula. Tests of neutrality support the 
hypothesis that the mid and northern latitudes of eastern North America 
were recolonized by populations surviving the last glacial maximum in 
southern refugia along the southeastern coastal plain. Finally, the 
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CHAPTER 1: MIGRATION, ADAPTATION, AND SPECIATION – A POST-
GLACIAL HISTORY OF THE POPULATION STRUCTURE, PHYLOGEOGRAPHY,  
AND BIODIVERSITY OF LIRIODENDRON TULIPIFERA L. (MAGNOLIACEAE). 
 
Introduction 
  Liriodendron is a phylogenetically isolated genus of deciduous trees 
in Magnoliaceae and contains two species, each found on a different 
continent. Liriodendron tulipifera L., commonly known as Tulip Poplar or 
Tuliptree, occurs in eastern North America and L. chinense (Hemsl.) Sarg. 
occurs in the temperate forests of eastern Asia. These sister species 
diverged during the Middle Miocene ~10 - 16 mya (Table 1), but the 
Liriodendrid lineage is much older, having diverged from the core Magnoliid 
clade during the Cenomanian of the Late Cretaceous ~93.5 mya (Nie et al., 
2008). L. tulipifera is a conspicuously large, insect pollinated tree with 
distinctive tulip-shaped leaves, large terminal bisexual flowers with 
numerous radially-arranged tepals, carpels, and stamens born on an 
elongate receptacle (Judd et al., 1999). The lateral branches of L. tulipifera 
are shed as the tree grows and its remarkably straight trunk, as well as its 
high abundance in the forests near the center of its range, make it an easily 
recognizable tree (Beck, 1990). The natural range of L. tulipifera includes 






south of 44 °N latitude (Fig. 1). Few populations of L. tulipifera occur 
naturally west of the Mississippi River with notable exceptions in the eastern 
Ozark Mountains of Missouri and Arkansas, Crowley’s Ridge in Arkansas, 
and the south central plains of Louisiana (Fig. 1). 
 L. tulipifera occurs in diverse habitats in North America, but is most 
frequently observed in temperate deciduous forests. These forests are 
composed of deciduous angiosperm species, but conifers do contribute to 
species diversity in locally xeric sites (e.g. Pinus) or in the Appalachian 
Mountains (e.g. Tsuga; Delcourt & Delcourt, 2000). The forest canopy is 
multilayered and often supports a well-developed understory of trees and 
shrubs as well as an herbaceous layer (Delcourt & Delcourt, 2000). 
Temperate deciduous forests are bounded on the north by boreal forests 
that can withstand colder and longer winters; on the east by the Atlantic 
Ocean and southeastern pine savannas; on the south by pine savannas and 
evergreen forests that are adapted to either dry, sandy soils or longer 
growing seasons that favor evergreens; and on the west by grasslands of the 
Great Plains that can withstand a drier climate than temperate deciduous 
forests. Temperate deciduous forests frequently occur at low to high 
elevations (0 – 1700 m) and on terrain with varied aspect (Okuda, 1994); 
therefore, in this study, this region is referred to as the uplands. L. tulipifera 
forms monotypic stands in mountain coves on rich, well drained, loamy soils 
(Okuda, 1994). In the Appalachian highlands and Ozark Mountains, L. 






Delcourt, 2000), but abundance decreases towards the periphery of the 
range, particularly in the southern third of the range that includes the 
southeastern coastal plain (SECP) and the Florida peninsula (FP; Delcourt et 
al., 1984). 
  The SECP is a large physiographic region of the United States that 
stretches from the Pine Barrens of New Jersey to the Big Thicket of Texas 
and north through the Mississippi embayment to Kentucky, Missouri, and 
Illinois (Christensen, 2000). L. tulipifera can be locally common to rare in 
seepages between pine savannas, alluvial wetlands, and upland hardwoods 
(Christensen, 2000). Hardwood forests containing L. tulipifera occur on 
fertile soils atop limestone or phosphate, or in sterile, wetter soils where 
fires are infrequent (Christensen, 2000) but do burn with some periodicity 
and leave fire scars on L. tulipifera (personal observation).  
 Natural occurrences of L. tulipifera in the FP are rare and are essentially 
restricted to hydric hammocks. Hammocks are dense, highly productive and 
diverse hardwood forests composed of deciduous and evergreen trees that 
contain species adapted to wet environments (Vince et al., 1989). Hammocks 
are generally divided into three categories delimited by soil moisture: xeric, 
mesic, or hydric (Vince et al., 1989). Hydric hammocks form narrow 
corridors along springs and marshes that are frequently adjacent to pine 
savannas. They occur on the Gulf Coast of Florida and in the central Florida 
uplands along the center of the FP (Vince et al., 1989). Soils are formed from 






moderate amounts of organic matter and lack alluvial sediments (Vince et 
al., 1989).  The water regime is a particularly important feature of hydric 
hammocks. They receive water by seepage from adjacent sandy uplands 
(typically pine savannas), from rainfall, and from springs that deliver a 
constant flow of water (Ewel, 1990; Vince et al., 1989). The combination of 
water sources creates a high water table only a few centimeters to as much 
as a meter below the surface. The constant and regular influx of water and 
low discharge rates result in soils that are quickly saturated during the 
punctuated rainy season and flood for one to two months per year (Vince et 
al., 1989) or for as many as six months a year (Ewel, 1990).  The duration of 
floods, source of water, composition of soil, and composition of substrate 
are more variable in swamps than in hydric hammocks (Richardson, 2000). L. 
tulipifera is intolerant to flooding when it occurs in wetlands outside of the 
FP (Richardson, 2000) and its occurrence in hydric hammocks make these 
peninsular populations ecologically unique. 
 L. tulipifera populations have likely evolved adaptations to survive the 
unique environments of hydric hammocks and are rarely found outside of 
them in the central FP. An almost obligate relationship exists between the 
distribution of L. tulipifera and the distribution of hydric hammocks which 
require flat topography, a limestone substrate, a high water table, and sandy 
clay soils that regularly flood (Vince et al., 1989). These requirements are 
met in few places in Florida and nowhere outside of Florida (Vince et al., 






Carolina that are otherwise suitable for the development of hydric 
hammocks (Vince et al., 1989). The absence of suitable habitat in the 
northern FP results in a conspicuous gap in the abundance of L. tulipifera in 
northeastern Florida (Delcourt & Delcourt, 2000). Populations of L. tulipifera 
south of Gainesville, FL occur in near allopatry (Delcourt & Delcourt, 2000; 
personal observation).  
 The repeated glaciations of North America in the Pliocene and 
Pleistocene began after an abrupt cooling in the Miocene (Graham, 2011) and 
greatly influenced the distribution of species and infraspecific phenotypes 
and genotypes (Soltis et al., 2006). Phylogeographers have discovered a 
general trend in the distribution of phenotypes and genotypes in eastern 
North American plants: low diversity in the north, and high diversity in the 
south (Parks et al., 1994; Azuma et al., 2011) (Fehrmann et al., 2012). 
However, there are exceptions to this trend: some plants show no pattern 
(Potter, 2006; Victory et al., 2006), some have high diversity in the north 
(McLachlan et al., 2005), whereas others survived in multiple refugia (Morris 
et al., 2008; McCarthy, 2012). 
 In a phylogeographic study of L. tulipifera, Parks et al. (1994) recovered 
7 regional-scale groups from their sampling of mostly Atlantic Coast and 
Gulf Coast localities using 23 allozyme loci. Within these 7 populations, they 
found higher within population diversity in southern populations when 
compared to northern populations and attributed this structure to the Plio-






using cpDNA restriction site data, one in the FP and the other on the North 
American continent. 
 A hierarchical clustering analysis of Nei’s genetic identity values from 
Parks et al. (1994) is presented as a dendrogram (Fig. 2). From these data, 
Parks et al. (1994) noted that the magnitude of allozyme differences between 
the FP and continental populations were as large as were usually observed 
between distinct species; however, they did not propose a new species. 
 Phenotypic variation appears to be geographically partitioned in L. 
tulipifera. Flowers in the Atlantic Coastal Plain (ACP), the Gulf Coastal Plain 
(GCP), and FP are smaller than flowers in upland populations (personal 
observation). Leaves from the ACP, GCP, and FP have rounder lobes with less 
deeply incised sinuses (Parks et al., 1994). FP populations have a unique 
assemblage of leaf shapes: some are not found outside the peninsula; some 
are shared with ACP and GCP; and even typically upland leaf shapes occur 
(Fig. 1). Upland populations have leaves with deeply incised sinuses, four or 
more lobes (frequently six, eight, or ten) and lobes that terminate in long, 
slender tips. Lobe tips become more elongate and slender as one samples 
northward. However, the trend of leaf shape is not succinctly described by 
latitude or climate. Localities in the ACP and GCP (e.g. Croatan National 
Forest, Apalachicola River Bluffs, Pearl River Bluffs) have leaf shapes that are 
very typical of northern localities. The presence of populations with upland, 
typically northern shapes in the SECP suggests that they are relictual 






refugia and are the ancestors of northern populations that share similar 
phenotypes.  
 It is clear from allozymes, cpDNA restriction sites, and observations of 
leaf and flower morphology that considerable population structure exists in 
L. tulipifera. The purpose of this study was to: (1) explicitly test if 
populations in the FP represent a new species; (2) test the hypothesis, 
derived from figure 2, that infraspecific clades within continental 
populations of L. tulipifera exist and merit sub-specific recognition; (3) 
investigate the phylogeography of cpDNA haplotypes; and (4) conduct tests 








Materials and Methods 
 
Materials 
 Samples were collected over a three-year period from 2011 to 2013 and 
dried in silica gel. Voucher specimens were collected for most samples and 
are deposited in the University of North Carolina Herbarium (NCU). 137 L. 
tulipifera samples were used in this study from 55 populations in 11 states 
(Appendix 1). 109 samples were collected in the field, 27 from a common 
garden experiment initiated by Clifford R. Parks during 1984-86 at Mason 
Farm Biological Reserve, and 4 samples were extracted from herbarium 
sheets. Genomic DNA was extracted from buds for 13 specimens from the 
following localities: MO-BO; NC-GA; NC-NO; VA-AL; VA-PG; WV-FA (Appendix 
1). Samples extracted from buds amplified well in PCR, however, samples 
extracted from mounted herbarium specimens did not. Of the 12 samples 
extracted from herbarium specimens, only 4 amplified successfully during 
PCR. The outgroups were L. chinense and Magnolia virginiana L. DNA 
sequences from two samples of L. chinense and one sample of Magnolia 
virginiana L. were sequenced in the laboratory and an additional sample of 
L. chinense and 3 additional samples of M. virginiana were created from data 
downloaded from Genbank. The additional L. chinense sample was created 
from three unrelated samples found in Genbank (psbA-trnH: AB021046.1; 
trnL intron-trnF: AY841670.1; trnK 5’-matK: AB021016.1). Three additional 






study. The following sequences were downloaded from Genbank and 
concatenated according to their haplotype: Haplotype A: psbA-trnH 
AB553853.1, trnL intron-trnF AB553845.1, trnK 5’-matK AB553850.1; 
Haplotype B: psbA-trnH AB553854.1, trnL intron-trnF AB553846.1, trnK 5’-
matK AB553851.1; Haplotype C: psbA-trnH AB553855.1, trnL intron-trnF 
AB553847.1, trnK 5’-matK AB553852.1. 
 
DNA Extraction 
 Genomic DNA was extracted using the Hughey method (Hughey et al., 
2001) at UNC-Chapel Hill and an AutoGenprep 965 automated high 
throughput extraction machine at the Smithsonian Institution, National 
Museum of Natural History (USNM). The Hughey method extractions were 
performed in batches of twelve. 1400 !L of extraction buffer (500 mM NaCl, 
50 mM EDTA, 100 mM Tris) and 1 !L of 2-mercaptoethanol were added to 
six 1.5 mL centrifuge tubes, and placed in a heat block at 65 ˚C for 30 
minutes. 50 !L of 20% SDS and 4 mg of lyophilized Proteinase K were added 
to twelve labeled tubes. About 3-4 mm2 of leaf tissue or about 1 g of bud 
tissue was added to each tube followed by 700 !L of hot extraction buffer 
and 2-mercaptoethanol, and immediately returned to the heat block. After 
one hour, the sample was ground with a micropestle, and repeatedly ground 
at 30 min. intervals until the sample was digested or the color of the 
extraction buffer changed to green or brown. Samples were centrifuged at 







with an equal volume of chloroform in a new, labeled tube. Samples were 
repeatedly inverted for 2 min. and then centrifuged at 10,000 rpm for 10 
minutes. 400 !L of the top aqueous layer was removed and placed in a new, 
labeled tube with 2/3 volume ice cold isopropanol. The tubes were placed in 
a -20 ˚C freezer overnight. The following day, tubes were centrifuged at 
10,000 rpm for 30 min. to precipitate the DNA and the supernatant was 
decanted. 450 !L of 70% EtOH was added and centrifuged at 10,000 rpm for 
5 minutes. The EtOH was decanted and the sample rotoevaporated for 1 
hour. 100 !L of TE was added to each tube and was allowed to sit overnight 
for the DNA to go into solution. 
 At USNM, an AutoGenprep 965 (AutoGen Inc., Holliston, MA, USA) was 
used to extract DNA according to the manufacture’s recommendations and 




 Three molecular markers measuring 2045 bp were sampled for this 
study: psbA-trnH (384 bp), trnL intron-trnF (860 bp), trnK 5’-matK (801 bp; 
Table 2). Preliminary sequences were obtained for each marker, and primers 
were designed for markers that did not amplify well with the primer design 
tool primer3 (Untergrasser et al., 2012; Koressaar & Remm, 2007). The rDNA 
internal transcribed spacer (ITS) was the first choice for a nuclear marker, as 







of Life group (Li et al., 2011). However, ITS did not consistently amplify, and 
more importantly, ITS exists in multiple copies in L. tulipifera. After 4 
different alleles of ITS were recovered, it was abandoned. LEAFY was tried 
next and it was the only nuclear marker that consistently amplified and was 
variable; however, it was abandoned after multiple alleles at the same loci 
reduced the information content of this marker. Subsequent attempts to 
obtain nuclear sequence data were stymied due to difficulty in reliably 
obtaining variable sequences. 
 
Sequence Amplification, Editing, and Alignment 
 Amplifications were performed with 10% dilutions of template DNA. All 
reactions were performed at 25 !L per reaction using a Qiagen Taq DNA 
Polymerase Kit (Qiagen Inc., Valencia, CA). 1 !L of dilute template DNA; 
14.75 !L of dH
2
O; 5 !L of Q-Solution; 2.5 !L of 10x buffer; 0.5 !L of dNTP; 
0.5 !L each of forward and reverse primer; and 1 unit of Taq polymerase 
were added to each reaction tube. PCR was performed on a variety of 
thermal cyclers using the following program: 3 min. at 94 ˚C; 1:30 min. at 50 
˚C, 1:30 at 72 ˚C; followed by 38 cycles of 30 sec. at 95 ˚C, 1:30 min. at 50 
˚C, 1:30 min. at 72 ˚C; and a final annealing hold for 1:30 min. at 50 ˚C and 
extension hold for 5:00 min. at 72 ˚C. Amplification success was checked on 
a 1% agarose gel mixed with 1 !L Ethidium Bromide and photographed in a 
BioDoc-IT UV transilluminator (UVP LLC., Upland, CA). At UNC-CH, amplicon 







Valencia, CA) and visualized on a gel to infer the amount of amplicon 
needed for the cycle sequencing reaction. ExoSAP-IT (Affymetrix, Santa 
Clara, CA) was used at USNM to clean amplicons. Cleaned amplicons were 
dyed in both directions using a BigDye Terminator cycle sequencing kit 
(Applied Biosystems, Carlsbad, CA) and then sequenced at the University of 
North Carolina at Wilmington, or in the USNM Laboratories of Analytical 
Biology. Sequences were edited using Sequencher v. 5.0 (Gene Codes, Ann 
Arbor, MI), or with Geneious v. 6.1.6 (Drummond et al., 2011).  SATe was 
used to align each marker separately and Sequence Matrix (Vaidya et al., 
2011) was used to concatenate the markers. In SATe, the aligner was set to 
MAFFT, the merger set to MUSCLE, the tree estimator to FASTTREE, and the 
model of evolution was GTR+G20. Five iterations were performed on each 
marker and the results were checked by eye in Se-Al (v. 2.0; Rambaut, 1996). 
 
Discovery and Validation Analyses 
 Two fundamentally different approaches to species delimitation were 
used in this study: a traditional approach that creates phylogenetic trees as 
hypotheses, and the discovery plus validation approach described by 
Carstens et al. (2013). The second approach clusters samples into groups (i.e. 
putative species) and validates the groups with statistical tests. Group 
discovery was performed using Structure (Pritchard et al., 2000), a neighbor-
joining tree of Fst values, and from the groups provided by Parks’ allozyme 







(Ence & Carstens, 2011). 
 PartitionFinder (Lanfaer et al., 2012) was used to find partitions in the 
DNA sequence data and to select the best model of nucleotide evolution. 
During model selection, two runs of the program were performed: one where 
all models of evolution were considered, and a second where only RAxML 
compatible models were considered. 
 Phylogenetic trees were estimated by maximum likelihood (ML) using 
raxmlGUI (v. 1.3; Silvestro & Michalak, 2012) for each marker and for the 
concatenated plastid data set as a whole. In raxmlGUI, trees were estimated 
with the ML + rapid bootstrap option and 1000 replicates were performed. 
The model of evolution was set to GTRGAMMA, as suggested by 
PartitionFinder. 
 Structure (v. 2.3) is a program that uses bayesian inference to assign 
samples to populations using multi-locus haploid or diploid genotype data 
(Pritchard et al., 2000). It allows for a priori assumptions to be included in 
the analysis, including geographic locations of sample sites and samples 
with known population origins. Structure also allows for an admixture 
model, where a sample’s ancestry can be assigned to multiple populations. 
The location prior (LOCPRIOR) allows for the inference of population 
structure when data sets have low information or few markers. In the study 
that presented the LOCPRIOR model, Hubisz et al. (2009) were able to 
successfully assign samples to populations with only two of their potential 







approximately the same clusters that they found using LOCPRIOR (Hubisz et 
al., 2009). Therefore, LOCPRIOR recovers clusters when they exist, but does 
not force clusters when they do not exist. 
 Initially, a model with admixture and no location priors was used; 
however, it became apparent that my data set had too few markers for me to 
assign samples to distinct groups. Recovering distinct assignments for the 
outgroups was also difficult. When the a priori population information 
model (POPINFO = 1) was used, Structure did recover the outgroups, but 
never achieved assignment of L. tulipifera samples. The population prior 
model was subsequently rejected from further consideration. 
 It was necessary to increase the sample size of the outgroups in order 
to recover them during Structure analyses under the LOCPRIOR model. The 
initial data set included one M. virginiana and two L. chinense samples. 
Small sample sizes of very different haplotypes caused Structure to group 
rare and divergent haplotypes together, a problem akin to long-branch 
attraction. The outgroups formed a cluster with rare alleles from the GCP, a 
biologically nonsensical outcome. Therefore, the outgroup sample sizes were 
increased from five, then ten, 15, and finally 20 samples per outgroup. 
Additional sampling was achieved by simply copying the data. The data set 
used in the final analyses contained 177 samples. 
 The final Structure model was an admixture model (NOADMIX = 0), with 
a location prior (LOCPRIOR = 1). Sample locations where coded as the county 







site and the samples are clustered in a compact area. LOCPRIORINIT was set 
to 1. This setting allows the user to decide how informative populations are 
in the model. The Structure user manual suggests that using a 
LOCPRIORINIT value of 1 will help achieve convergence. MAXLOCPRIOR was 
set to 20, as suggested by the users manual. All other default values were 
kept unchanged. The program performed 20 replicates of the analysis with 
the maximum number of populations set to 20. The Burn-in period was 
100,000 and the MCMC chain was run for 1 million repetitions. 
 Results of the Structure runs were uploaded to Structure Harvester (Earl 
& vonHoldt, 2012) and the optimal number of groups (K) was selected using 
the Evanno method. This method selects K based on the modal value of !K 
(Evanno et al., 2005), a quantity based on the mean of the second order rate 
change of the log of the probability of the data divided by the standard 
deviation of the log of the probability of the data. In Structure runs, the 
likelihood often increases after the true value of K has been reached, and !K 
identifies the K at which the slope of the distribution of likelihood abruptly 
changes. 
 Fst estimates were used to identify clusters. 144 samples were 
aggregated into 23 groups based on the county where the samples occurred 
(21 groups) or by species in the case of the outgroups (2 groups; Table 3; 
Appendix 1). Counties with fewer than 5 samples (e.g. Bollinger County, MO) 
were aggregated with the nearest neighbor to produce groups that summed 







this step was unavoidable. Fst estimates were obtained in R using the package 
adegenet (Jombart, 2008). In some instances, Fst could not be calculated by 
adegenet and NA was reported (Table 3). Fst clusters were visualized with 
neighbor-joining trees and obvious clusters were selected and passed onto 
validation.  
 The hypothesis that initiated this study were the findings of Parks et al. 
(1994) that showed three distinct clusters of L. tulipifera: one cluster in the 
FP; a second cluster in the ACP and GCP; and a third cluster in the 
Apalachicola River Bluffs refugium, Piedmont, Appalachian Mountains, and 
the northeastern United States (Fig. 2). Leaf morphology was used to assign 
individuals to groups in the coastal regions of Alabama and Mississippi, 
where upland and SECP ecotypes occur in sympatry and geography cannot 
be used to assign individuals to clades. 
 Validation tests for sub-species and species level taxonomic questions 
were performed by analysis of molecular variance (AMOVA) with the R 
package vegan (Oksanen et al., 2013) and with spedeSTEM (Ence & Carstens, 
2011), respectively. To test for the presence of sub-specific groups in 
continental populations of L. tulipifera, an AMOVA was performed on an 
alignment of sequences that were converted to a matrix of pairwise 
distances using the K81 model of evolution (Kimura, 1981) with the function 
dist.dna in the package ape (Paradis et al., 2004). PartitionFinder identified 
K81 to be a better model of evolution than GTRGAMMA, but raxmlGUI does 







to conduct the AMOVA. This function computes an ANOVA on a distance 
matrix and then permutes the data to create a distribution of pseduo-F 
ratios to find a p-value (Oksanen et al., 2013). A four-group model (M. 
virginiana, L. chinense, Continental L. tulipifera populations, and FP 
populations) was tested against a five-group model (M. virginiana, L. 
chinense, upland L. tulipifera, ACP + GCP L. tulipifera, and an FP group). The 
continental group is a combination of the upland and ACP groups. The null 
hypothesis was rejected at p-values < 0.05 and the statistically significant 
model that partitioned the data the most (i.e. had the greatest number of 
taxonomic groups) was favored. 
 SpedeSTEM is a coalescent method to delineate lineages when given 
gene trees using maximum likelihood and information theory. SpedeSTEM 
permutes the models and ranks them according to AIC, Akaike differences 
(!i), model probabilities (w
i
), and returns an overall model likelihood rank. 
SpedeSTEM validation was performed with two different sets of hierarchical 
hypotheses: the 5 groups discovered in Structure; and the 5 groups 
discovered in Fst clustering. Estimates of " = 2N
e
µ are required by spedeSTEM  
and were calculated separately for each cluster in R with the package pegas 
(Paradis, 2010) using the number of segregating sites for the Structure 
inferred clusters (K = 5) and for the Fst inferred upland and Coastal Plain 
clusters. The mean value of " for the 5 Structure clusters is 0.6355841, and 








Population Genetic and Phylogeographic Analyses 
 Patterns of geographic distribution of genotypes are caused by range 
contraction or expansion, barriers to gene flow, and many other biological 
phenomena. Isolation by distance (IBD) is an alternative hypothesis to 
explain the distribution of genotypes and assumes a much simpler 
explanation of population structure: relatedness in organisms generally 
decreases as distances increase; therefore, the distribution of genotypes is 
simply the result of limited gene flow (Meirmans, 2012). Fixation of rare 
alleles can occur on the margins of a population due to isolation and in-
breeding, and the resulting pattern appears to be caused by population 
structure, local adaptation, or speciation, but is actually due to IBD 
(Meirmans, 2012). To test for IBD, a mantel test calculated the correlation 
between genetic and geographic distances. A distribution of correlations is 
created by permutation tests (replicates = 999) and plotted in a histogram 
onto which the observed correlation is also plotted. A p-value is obtained by 
comparing the permuted distribution to the initial value. This test was 
conducted with the R package adegenet. 
 A haplotype network was computed to interpret the phylogeographic 
relationships among populations with statistical parsimony in TCS v. 1.21 
(Clement et al., 2000) where gaps were treated as a fifth character state. 
 Polymorphism statistics were computed in DnaSP (v. 5; Librado & 
Rozas, 2009). Tajima’s D (Tajima, 1989) and Fu’s F (Fu, 1997) are two tests of 







significance with 1,000 replicates in DnaSP. The neutral theory of molecular 
evolution holds that at the molecular level, the majority of changes are the 
result of random mutation and genetic drift, rather than adaptive evolution 
(Kimura, 1989). Tests of neutrality determine the degree to which molecular 
data from populations are evolving at a neutral mutation-drift equilibrium 
(Nielsen, 2013). Departures from neutrality can be caused by demographic 
processes of population expansion or contraction (or also genetic 
hitchhiking and background selection) and can be inferred by Tajima’s D 
and Fu’s F (Nielsen, 2013). Under a scenario of population expansion, 
mutations do not contribute to heterozygosity due to the rapid population 
expansion and D or Fs will be negative (Nielsen, 2013). In contrast, under a 
scenario of population contraction, rare alleles accumulate (unless a 
population contraction or bottleneck was particularly severe) and D or Fs 










 PartitionFinder did not support partitioning the plastid data set and 
selected K81uf as the best model of evolution. GTRGAMMA was selected 
when only models compatible with RAxML were considered. The ML tree 
generated from the RAxML analysis of the plastid data is presented in figure 
3. The outgroups are clearly recovered (BS = 100) along with two 
monophyletic clades within L. tulipifera. Samples from the FP are clustered 
in a monophyletic clade (BS = 72) and all of the continental samples are 
clustered in a second monophyletic clade (BS = 83; Fig. 3) A smaller clade of 
samples from the ACP and the southern and mid-Appalachians is observed 
but this clade is not homologous to the ACP clade recovered by Parks et al. 
(1994). Two samples from the Northern Florida Peninsula (flcl1 and flpu3) 
did not cluster with the FP, but are nested in the continental clade (Fig. 3). 
Given their round leaf shape and geographic location, these samples were 
expected to cluster in the FP clade with other samples from Putnam and Clay 
counties. The haplotype network is presented in figure 9 and partitions the 
data into two groups: an FP group and a continental group. 
 
Clustering Analyses 
 Results from the Structure analyses are shown as bar plots in figure 4. 







continental North America), not five groups (the above groups plus a ACP 
group) as the most probable number of groups given the data. This is 
indicated by the peak in !K at K = 4 (Fig. 5). The two samples (flcl1 and 
flpu3) that did not cluster with the FP clade in the maximum likelihood 
analysis also did not cluster with the FP group in the Structure analyses. The 
distribution of the natural log of the probability of the data (Ln(D)) is shown 
in Figure 5. Ln(D) increases past the K selected by !K, as is common in 
Structure analyses, and the model with the highest Ln(D), K = 5, is shown in 
figure 4.  The K = 5 model describes the genetic variation in the plastid data 
set well and identifies an ACP group. Fst clustering also recognizes an ACP 
group, but a different collection of samples forms this group in Fst
 
versus 
Structure clustering. Samples from the Gulf Coast (Leon County, FL) and 
south central AL and MS (Chilton County, AL; Lauderdale County, MS) are 
admixed with the ACP, as are samples from the piedmont (Newberry County, 
SC), southern Appalachians (Buncombe County, NC) and the mid-
Appalachians (Alleghany County, VA; Fayette County, WV; Schuylkill County, 
PA). Only the northern Appalachians and Missouri lack admixture with the 
ACP group. Plots of alpha for the most probable runs in K = 4 and K = 5 are 
provided in figure 6 and demonstrate a convergence in both models after a 
burn-in period of 100,000 iterations. 
 Fst clustering resulted in K = 5 groups (Fig. 7). Both of the outgroups 
were recognized, along with an FP group (including the all of the Northern FP 







large upland group that includes all of the Appalachian Mountain 
populations, central AL and MS, southern GA, and the eastern and western 
Gulf Coast populations. 
 
Validation Analyses 
 The partitioning of the data provided by the hypothesis of Parks et al. 
(1994; Fig. 2) was found to be no better than a random partitioning of the 
data during permutation tests and was rejected by AMOVA (p-value = 0.27; 
Table 6). 
 SpedeSTEM chose the four Structure inferred groups selected by the 
Evanno method (Fig. 4) to be the most likely number of species in this data 
set (Table 7). In the Fst inferred clusters, spedeSTEM preferred a three group 
model. The incongruent result is due to difficulty assigning flcl1 and flpu3. 
When these samples are assigned to the upland group (as inferred by 
Structure), spedeSTEM selects the same value of K and species composition 
from the Fst grounds as are selected from the Structure groups (results not 
shown). The species identified by the permuted model with the highest 
likelihood are M. virginiana, L. chinense, FP populations, and continental 
North America populations.  
 
Population Demography and IBD 
 DNA polymorphism data and neutrality tests are presented in tables 4 







haplotypes (H) in the much larger continental population (H = 5), although 
haplotype diversity (Hd) was higher in the peninsula. FP populations had 
more segregating sites (S), i.e. single nucleotide polymorphisms, when indels 
are included, higher average nucleotide differences (K), and higher 
nucleotide diversity (") than the continental populations. Coalescent 
estimates of Tajima’s D (D) and Fu’s F (Fs) produced contradictory results 
for the FP (a negative D, but positive Fs) and continental populations (a 
positive D, but negative Fs). 
 The alternative hypothesis that the genetic structure observed in North 
American Liriodendron is explained by isolation by distance is rejected by 
mantel tests (p-value = 0.377). The mode of the permutations peaks around -
0.1, indicating some degree of isolation by distance exists in the data set, 










 It has been evident for at least two decades, that L. tulipifera 
populations have phenotypic and genotypic differences that are 
geographically structured (Beck, 1990; Parks et al., 1994; Sewell & Parks, 
1996). This study was initiated to: (1) test the observations of Parks et al. 
(1994) that populations of genetically distinct L. tulipifera in the FP 
represent a new species; (2) test the support for recognizing sub-specific 
taxonomic groups within continental populations of L. tulipifera; (3) 
investigate the phylogeography of L. tulipifera using DNA sequence data; 
and (4) explicitly test population demography. The results of the 
phylogenetic, species discovery and validation methods suggest populations 
in the FP should be recognized as a third species of Liriodendron, but do not 
support the recognition of sub-species or varieties of L. tulipifera. The 
distribution of haplotypes and the population demographic analyses agree 
with findings of previous investigators that populations of L. tulipifera 
survived the LGM in multiple isolated refugia in the ACP, GCP, and FP. 
Population demographic tests concur with the accepted paradigm that 
present day populations migrated out of ice age refugia as the glaciers 










Species Discovery and Validation 
 The unified species concept (USC) is used to define a species in this 
study. Under this concept, speciation is a process with a continuum of 
events occurring during the separation of one lineage into two or more 
distinct evolutionary lineages (de Queiroz, 2005). USC defines a species as a 
group of population level lineages that are separately evolving. All other 
criteria or traits for which qualitative comparisons can be made between two 
or more groups of population level lineages are not treated as absolute 
requirements for delimiting species, so long as the groups of population 
level lineages under consideration are evolving separately (de Queiroz, 
2005). The clusters based on allozymes, ML, and Structure and Fst analyses 
all distinguish the population level linages occurring on the FP as distinct 
from those on the continent (Figs. 2, 3, 4, 7). Furthermore, spedeSTEM 
supports a model where the FP and continental populations are separate 
species (Table 7).  
  While all of the clustering methods (ML, Fig. 3; Bayesian, Fig. 4; Fst, Fig. 
7) and the initial hypothesis (Fig. 2) congruently distinguished the FP 
population from the continental populations, a coastal plain clade was not 
recognized in every analysis. Contrary to the Parks et al. (1994) hypothesis, 
none of the clustering methods support a coastal plain clade that includes 
the GCP and ACP (Fig. 2, Table 6). Using leaf morphology to aid the 
assignment of individuals to clades, as was necessary for samples from 







occurring in sympatry, did not improve the accuracy of the sub-species 
assignments tested by AMOVA (Table 6). Leaf morphology can be a 
misleading character when partitioning genotypes of samples from the 
continental group. Individuals from Newberry County, SC have a typical 
upland leaf morphology (i.e. pointy leaves), but one sample (scne2) has 
haplotype 20, the ACP haplotype, and the other sample (scne1) has 
haplotype 21. Both samples are clustered in the ACP by Structure and Fst 
(Figs. 4, 7; Appendix 3), but both samples have obviously pointy leaves. It is 
clear that leaf phenotype does not have a clear relation to genotype in 
continental populations of L. tulipifera. However, FP populations do have 
unique leaf shapes that allow them to be recognized morphologically. The 
vegetative and floral synapomorphies defining the FP species will be 
described in a subsequent study. 
 Validation of Structure inferred clusters by spedeSTEM favor a model 
where the FP population is recognized as a species, but Fst clusters provided 
to spedeSTEM did not choose a four species model (where the FP 
populations are a separate species; Table 7). The most likely reason for this 
incongruence is because Fst clusters sub-populations rather than individuals. 
The FP cluster inferred by Fst contains two individuals (flcl1 and flpu3) that 
are not in the FP clade (Fig. 3). Rather than selecting a paraphyletic species, 
spedeSTEM favored a three species solution. The ability for samples to be 
independently assigned to one or more populations is a strength of bayesian 







Ecological Speciation in the Florida Peninsula 
 The most likely mechanism of speciation is the evolution of ecological 
adaptations in allopatry to the unique environmental conditions of the FP, 
rather than the development of intrinsic barriers to reproduction, or limited 
dispersal of seeds or pollen. The absence of hydric hammocks outside of the 
FP limits the distribution of the new species to central Florida and is likely 
an important barrier to dispersal and hybridization. 
 In contrast to FP populations, continental populations of L. tulipifera 
never grow in standing water. FP populations have undoubtedly evolved a 
different water use efficiency (WUE) from their continental neighbors. 
Different WUE can create a one-way pattern of migration for conspecifics 
living in close proximity. A study of WUE in Boechera holboellii found 
populations growing in dry environments had higher WUE than populations 
growing in wet environments (Knight et al., 2006). When reciprocal 
transplantations in common gardens were established at dry and wet sites, 
all of the plants adapted to wet environments with low WUE died, whereas 
several of the plants adapted to dry environments survived in the wet 
environment (Knight et al., 2006). This finding may explain why continental 
haplotypes (specifically haplotype 11) are found in the peninsula, but FP 
haplotypes are never found in the continent. FP plants have evolved low 
WUE, enabling them to survive in wet but not dry environments; whereas, 
continental plants have evolved higher WUE to survive in dry environments 







from the FP with haplotype 11 (flcl1 and flpu3) were collected at drier sites 
atypical of the hydric hammocks where L. tulipifera is most abundant in the 
FP. The Putnam County sample was growing next to a shallow roadside ditch 
in sandy soil, not a hydric hammock. The Clay County sample was from a 
high to mesic hammock adjacent to a pine savanna that did not transition to 
a hydric hammock.   
 The distribution of haplotypes (Fig. 9) and the lack of admixture (Fig. 4) 
suggest there is one-way migration in L. tulipifera from dry to wet sites, but 
not vice-versa. WUE may be the mechanism driving speciation in North 
American Liriodendron. The alteration of habitats caused by human activity 
(e.g. road and ditch construction) is likely creating more sites for trees with 
higher WUE to become established and is likely altering the distribution of 
genotypes in the FP.  
 C. Parks planted a common garden experiment at UNC-Chapel Hill’s 
Mason Farm Biological Reserve from 1984 to 1986. He planted about 300 L. 
tulipifera seedlings collected from 30 populations that are mostly east of the 
Appalachian Mountains, from Oneida County, NY to Orange County, FL. A 
formal study of this plantation has not yet occurred, but after 30 years it 
can be observed anecdotally that the FP and ACP populations had higher 
mortality and grew less vigorously than individuals from populations in 
upland sites. Differential patterns in survival and growth are likely related to 
the evolution of different WUE between upland, coastal plain and FP 







investigated in order to understand how a widespread tree with large 
populations can speciate despite the absence of a clear geographical 
boundary to dispersal of seeds and pollen in northeastern Florida. Leaves 
and flowers from trees in the common garden appear to have retained the 
morphology of their ancestral populations and have not converged to a 
common shape. The adaptive capability of leaf shape in L. tulipifera should 
be further investigated to determine the degree to which leaf shape is an 
adaptive trait and which ecological and environmental variables are 
associated with changes in leaf shape. From a morphological perspective, it 
appears that FP populations are distinct from continental populations. 
 The absence of hydric hammocks outside of the FP may be the barrier 
to dispersal that prevents migration out of the peninsula. Obvious physical 
geographic barriers to dispersal, such as rivers or changes in topography, do 
not exist between the FP and North American continent. Nevertheless several 
tree species (e.g. Fagus grandifolia, Fraxinus pennsylvanica, Quercus alba, 
Platanus occidentalis) have distributions that terminate in northeastern 
Florida near a geological feature and proposed biogeographical barrier 
known as the Suwannee Strait. The existence of a paleocean current that 
connected the Gulf of Mexico to the Atlantic Ocean from the Late Cretaceous 
(Huddlestun, 1993) to the Early Oligocene (Webb, 1990) is not in dispute. 
However, biogeographers have used the Suwannee Strait to describe various 
distributions without making a convincing argument as to how the 







plain influenced the distributions of species or infraspecific patterns of 
diversity (Webb, 1990). An alternative explanation for the termination of 
plant ranges near the Suwannee Strait is that because terrestrial populations 
occurring in a peninsula have fewer sources of migrants than continental 
populations, they are more susceptible to local extirpation (i.e. the 
‘peninsula effect’, Webb, 1990).  The decrease in abundance of L. tulipifera 
near the Suwannee Strait in northeastern Florida (Delcourt & Delcourt, 2000) 
may be the result of L tulipifera responding to the peninsula effect. The 
persistence of populations in the FP reflect the hypothesis, provided by this 
study, that these populations are a new species and do not require a source 
of migrants from the continent to maintain a viable population size. 
 In the present study, the Suwannee current influenced the distribution 
of haplotypes and produced the geological framework for speciation in 
North American Liriodendron by limiting the deposition of clastics in the FP 
and Georgia coastal plain during the Cretaceous to Oligocene, allowing for 
extensive deposition of carbonates on the Florida platform (Huddlestun, 
1993) that formed the limestones necessary for hydric hammocks to occur 
(Vince et al., 1989). The Suwannee current flowed from the Gulf of Mexico to 
the Atlantic Ocean and formed a strait that was bordered on the north by 
the North American Continent and to the south by a shallow marine 
carbonate platform (Huddlestun, 1993). The Suwannee current was strong 
enough to intercept clastic sediments from the Appalachian mountains and 







plain carbonate platform, a depositional event which would have terminated 
the development of the carbonate platform (Hine, 1997). By the mid-
Oligocene, the depth and strength of the Suwannee current decreased due to 
a decline in sea-level, and sedimentation from continental clastics finally 
eliminated the current (Randazzo, 1997). After the Late Oligocene, longshore 
transport deposited sediment onto the carbonate platform and eventually 
created much of the FP (Hine, 1997). Thick layers of clastic sediments (>100 
m) were deposited on limestone in southeastern Georgia and northeastern 
Florida, but thinned towards the south and west (Scott, 1997), where hydric 
hammocks are most abundant (Vince et al., 1989). The distribution of hydric 
hammocks is limited to localities in Florida where post-Oligocene 
sedimentation failed to bury limestone under tens to hundreds of meters of 
clastics, and it is the distribution of hydric hammocks that control the 
distribution of populations of Liriodendron in the FP. Therefore, the 
Suwannee current facilitated the development of the Florida carbonate 
platform from the Cretaceous to the Oligocene on which L. tuli[pifera 
populations migrated, adapted and speciated. 
 Additional evidence that the FP population evolved physiological 
adaptations to survive in hydric hammocks, which then restricted their 
migration out of the hammocks, is provided by tests of neutrality (Table 5). 
The FP population has a significant negative result for Tajima’s D (-0.02036) 
but a positive value for Fu’s F (0.12524). Fu’s F is considered a more 







that favors population contraction is supported by the geological evidence 
that a reduction in sea level of 80-100 m, the best estimate for sea level 
change at the LGM, would approximately double the size of the FP (Watts & 
Hansen, 1994). Rising sea levels moved the shoreline to its present location 
and likely extirpated populations of Liriodendron, creating an excess of rare 
alleles and a positive value of Fs. Alternatively, rare alleles can accumulate if 
there is a lack of extinction and little gene flow between populations. In 
either event, the distribution of haplotypes (Fig. 9) and low estimates of 
admixture between the FP and continental populations (Fig. 4) suggest the FP 
populations have not migrated into the continent nor have they admixed 
with adjacent populations in the Florida panhandle or Georgia Coast (Fig. 4). 
An absence of hybrids is supported by Sewell et al. (1996), who also did not 
find evidence of hybridization in their cpDNA data set. These results 
indicate that in the fast-coalescing cpDNA genome, the FP and continental 
populations are composed of separately evolving groups of population level 
lineages.   
 The degree of reproductive isolation is unknown between continental 
and FP populations. Reproductive isolation between L. tulipifera and L. 
chinense, two species that diverged 10-16 mya, is weak, and crosses between 
these species produce a semi-fertile F1 generation and vigorous F2 progeny 
(Parks & Wendel, 1990). Therefore, one would hypothesize that hybridization 
would occur between the FP and continental species. However, a successful 







natural populations or that a hybrid would be viable. The apparent absence 
of hybrids in the FP indicates that even if they do occur, they do not 
significantly contribute to the gene pool. Alternatively, the lack of hybrids 
observed in this study could indicate insufficient sampling. 
 Seeds of L. tulipifera are wind dispersed and studies indicate long-
distance dispersal (LDD, dispersal greater than 1000 m) is not restricted 
(Nathan et al., 2002). It is unlikely that barriers to seed or pollen dispersal 
between populations of L. tulipifera exist. Studies indicate that both light 
and heavy seeds are transported above the forest canopy and have a 1-5% 
probability of LDD (Nathan et al., 2002). L. tulipifera is insect-pollinated and 
bees are known to be efficient long-distance dispersers of pollen (Jha & Dick, 
2010). The lack of suitable habitat in the northern FP may be the ultimate 
cause for the barrier of gene flow between FP and continental populations, 
and reproductive phenology may further isolate FP from continental 
populations, a topic which merits further study. 
 The divergence time of the FP population could not be estimated from 
the data collected in this study, however Sewell and Parks (1996) estimated a 
divergence time of 1.5 mya with cpDNA restriction site variation. During this 
time of the Pleistocene, the Earth was cold and glacial cycles were in full 
effect. Adaptation to local environments in the FP, isolation in allopatry, and 
differences in phenology may have driven the speciation of FP populations 








Counter-Evidence to Speciation 
 A preponderance of evidence supports the recognition of a third 
species of Liriodendron located in the FP, however there are also arguments 
against it. The nuclear marker sequenced in this study (LEAFY) recovered 
three polyphyletic FP clades. But some researchers argue that genes with 
increasingly more GC content recover trees with more error (Romiguier et 
al., 2013). The GC content of LEAFY is 50.8% and using AT-rich genes from 
the nuclear genome may recover a signal congruent to what is observed 
from cpDNA sequences. 
 The branch in the ML tree (Fig. 3) supporting the FP clade is short and 
suggests a lack of sequence divergence between the FP and continental 
clades. However, adding more molecular markers would undoubtedly 
increase support for this clade. In fact, sequences from other plastid 
markers (e.g. trnT-trnL) recover a monophyletic FP clade, but due to limited 
resources, more markers could not be sampled. Despite the short branch 
length, Structure analyses indicate very low estimates of admixture between 
continental and FP populations (Fig. 4). 
 A consideration of the rates of molecular evolution in Liriodendron and 
other Magnoliids will help to interpret the short branch lengths and 
sequence divergence between FP and continental populations. A recent 
investigation of the rates of molecular evolution in the mitochondria and 
chloroplast genomes of L. tulipifera and other Magnolia species suggest they 







hence the accumulation of SNPs or indels in the choloroplast genome will be 
slow. A comparison of 4 genes between the mitochondrial genomes of L. 
tulipifera and L. chinense reveal only 1 base pair difference between sister 
taxa that diverged 10-16 mya (Richardson et al., 2013). Richardson et al. 
(2013) found rates of evolution in the chloroplast genome to be 
approximately as slow as in the mitochondrial genome. 
 Sequence evolution appears to be slow across Magnoliaceae in general. 
Richardson et al. (2013) compared the rate of sequence evolution in 
Magnolia species to 16 other angiosperm species and found that Magnolia 
has the slowest rate of sequence evolution. No sequence differences were 
found in 6 mitochondrial genes between five species of Magnolia (M. figo, M. 
grandiflora, M. tripetala, Magnolia x soulangeana and M. stellata) and M. 
grandiflora and M. tripetala last shared a common ancestor approximately 
50 mya (Richardson et al. 2013). In light of the remarkably slow rate of 
sequence evolution in the mitochondrial and chloroplast genomes, the 
differences found in this study from introns and intergenic spacers should 
be viewed as significant. 
   
Eastern North American Biogeography and L. tulipifera 
 A review of biogeographic patterns in eastern North American taxa 
found six discontinuities that are common in a diverse set of taxa (plants, 
animals, and fungi) and categorize the phylogeography of dozens of taxa 







Atlantic-Gulf Coast discontinuity; (2) an Apalachicola and Tombigbee Rivers 
discontinuity; (3) an east-west of the Appalachian Mountains discontinuity; 
(4) an east-west of the Mississippi River discontinuity; (5) a combined 
Mississippi River and Apalachicola River discontinuity (where a species is 
split into three groups, one west of the MS River, a second group between 
the MS and Apalachicola Rivers, and third group east of the Apalachicola 
River); and (6) species with northern refugia (Soltis et al., 2006). The most 
robust discontinuity in North American Liriodendron is between continental 
and FP populations (Figs. 3, 4, 7, 9, 10), but this pattern was not widespread 
in the taxa Soltis et al. (2006) reviewed. The distribution of haplotypes (Fig. 
9) suggests that amongst the patterns Soltis et al. (2006) reviewed, the 
Mississippi River and Apalachicola River discontinuities pattern is present in 
continental populations (Fig. 9). Haplotype 12 is restricted to west of the 
Mississippi River (Fig. 9). Haplotypes 15, 16, 17, and 19 are bounded by the 
Mississippi River on the west and by the Apalachicola River in the east (Fig. 
9). Haplotypes 10, 13, 14, 18, 20, 21, and 23 are found only east of the 
Apalachicola River. Haplotypes 11 and 22 are widespread and do cross the 
boundaries described above, but in the southern portion of the range, 
haplotypes – particularly those associated with coastal plain ecotype trees – 
appear to be restricted in their ability to migrate across biogeographic 
boundaries. An insufficient number of samples west of the Appalachian 
Mountains are present in this data set to determine if there is an east-west 







important because they demonstrate that the genomes and natural histories 
of species are shaped by both local (e.g. barriers to dispersal, microclimates 
in refugia, soil types and hydrology) and global (e.g. climate change) 
conditions and forces.  
  The paradigm under which phylogeographers who study North 
American taxa interpret their data is that during the glacial cycles of the 
Neogene, remnant populations of previously widespread taxa survived in 
isolated refugia in the southern half of the continent (Jaramillo-Correa et al., 
2009). Despite the fact that there is a unified climatic force that is invoked 
to explain phylogeographic observations in these taxa, there is not a unified 
interpretation of the response. Based on a variety of data types (DNA 
sequences, microsatellites, allozymes, etc.) researchers have reconstructed 
the evolutionary history of dozens of tree species in eastern North America. 
Some species survived only a few hundred kilometers from the edge of the 
glaciers (e.g. Acer rubrum, Fagus grandifolia: McLachlan et al., 2005) or in 
northeastern refugia located on the now submerged Atlantic continental 
shelf (e.g. Pinus banksiana: Godbout et al., 2010). The southern Appalachians 
appear to be an important mid-latitude refuge for some species (e.g. Tilia 
americana: McCarthy, 2012; Tsuga canadensis Potter et al., 2012). The 
drainage systems of the Atlantic and Gulf Coasts provided refuge for many 
species as well (e.g. Chamaecyparis thyoides: Mylecraine et al., 2004; Pinus 
taeda: Eckert et al., 2010; Liquidambar styraciflua: Morris et al., 2008). Some 







et al., 2006), and some show no discernable phylogeographic pattern (e.g. 
Abies fraseri: Potter, 2006). 
 This study demonstrates that the evolutionary history of North 
American Liriodendron populations is more complex than previously 
reported. Based on the distribution of haplotypes in the ACP, GCP, and FP, 
there are at least 5 regions that sheltered populations during the LGM (Fig. 
9). These refugia were located (from east to west): (1) in the ACP; (2) central 
FP; (3) Apalachicola River Bluff system; (4) western Gulf drainages (Conecuh 
River, Alabama River, Tombigbee River, Pascagoula River, Pearl River); and 
(5) west of the Mississippi River. The ACP haplotype (20) is bisected by the 
widespread upland haplotype 11 (Fig. 9) and it is possible that haplotype 20 
survived the LGM in two isolated refugia: one in the Neuse River Basin near 
the Croatan National Forest and another in the Savannah River Basin near 
the border of South Carolina and Georgia. The diversity of haplotypes in the 
GCP suggest that these refugia were probably not single, allopatric 
population, but rather a diffuse population surviving in a mosaic of refugia 
across the GCP where local conditions created suitable habitat. The same can 
probably be said for the ACP and FP. 
 Results from the tests of neutrality are somewhat contradictory, but 
suggest that there was recent expansion in all populations of North 
American Liriodendron (D = -0.1068; Fs = -0.15395) and in the upland group 
(D = -0.01872; Fs = -0.08472; the upland group excludes the genetically 







consideration and only the continental populations are analyzed, Tajima’s D 
is positive (0.04412), suggesting the population is undergoing a bottleneck. 
This outcome is likely the result of the addition of the ACP group that has 
zero segregating sites. The ACP populations have probably remained stable 
or expanded marginally since the LGM, and these populations are likely 
evolving near neutrality. A rapidly evolving marker may show population 
expansion since the LGM, but is absent from these data. 
 
Distribution of Haplotypes and Population Structure 
 Haplotype 11 (Appendix 1, Fig. 9) is the most widespread haplotype and 
is shared from the river basins of the Gulf Coast to the northern edge of the 
range near Oneida Lake, NY (Fig. 9). This pattern suggests that populations 
with haplotype 11 survived the LGM in Gulf Coast refugia with mesic soils 
that were similar in chemistry and hydrology to sites in their expanded, 
present-day range. The Apalachicola River Bluff system is a known 
Pleistocene refugium for several plant species (Sorrie & Weakley, 2001). 
Interestingly, individuals sampled from the bottom of the bluffs have the 
widespread haplotype 11, whereas individuals sampled from the top of the 
bluffs (near the Sycamore Community: N 30.62392; W -84.85011) have the 
geographically restricted haplotype 16 (Fig. 9). Leaf shape in the bluff region 
is pointed and contrasts strongly with the adjacent populations growing in 
the Gulf Coastal Plain (Fig. 1, inset ‘r’). 







4). Nine haplotypes occur there, Hd (0.486) and " (0.00027) are highest 
(Table 4). The FP population, bounded on the east and west by open water 
and to the north and south by unsuitable habitat, has likely never 
experienced the massive range contractions and expansions experienced by 
the continental populations, particularly the widespread upland populations 
with haplotype 11. 
 Haplotype diversity is high in the Gulf Coast region. 10 of 24 haplotypes 
(haplotypes 10, 11, 14, 16, 17, 18, 19, 22, 23, 24) are found in the Gulf Coast 
and seven (haplotypes 10, 14, 17, 18, 19, 23, 24) are geographically 
restricted to the Gulf Coast (Fig. 9). The accumulation of haplotype diversity 
in the Gulf Coast region is likely the consequence of genetically diverse 
populations surviving in multiple refugia during repeated glaciations. 
 Haplotype 20, widespread in the ACP, occurs in the mountains of 
Virginia and West Virginia in habitats that are typical mesic sites near a 
creek and a river, respectively, and these environments could not be more 
different than the coastal environment of Chatham County, GA where 
haplotype 20 is the only haplotype present (Fig.9). Haplotypes 21 and 22 are 
only one SNP distant from haplotype 20 (Fig. 9), but both of these haplotypes 
are from trees that occur in mesic, hilly sites and have pointed leaves typical 
of upland samples (Appendix 1; see Fig. 1 for leaves bearing haplotype 21, 
inset ‘e’ ncjo1 and the left leaf of inset ‘k’ scne1). The ancestral haplotype in 
the network was inferred by TCS as haplotype 11 (Fig. 9), and haplotypes 21 







either haplotype 21 or 22. The physical environment where ACP haplotype 
20 trees grow and the neighboring environments where haplotype 21 is 
found are more similar to one another than between haplotype 20 and 22. 
Therefore, when considering the geographic proximity and environmental 
similarity between haplotype 21 and haplotype 20 it is more likely that 
haplotype 20 is derived from 21. An alternative hypothesis is that haplotype 
20 evolved convergently from haplotype 21 and 22. These hypotheses need 
not be mutually exclusive, and haplotype 20 could have evolved 
convergently from haplotype 22 in Virginia and West Virginia and the main 
group of samples clustered in the ACP could have evolved from haplotype 
21. In the northeastern portion of the range of L. tulipifera, haplotype 11 is 
associated with mesic sites and trees with pointed leaves, and in the ACP, 
haplotype 20 is associated with trees growing in wetter soils and trees that 
bear round lobed leaves. Unfortunately, the samples from Chatham County, 
GA, Fayette County, WV, and Alleghany County, VA – localities that all share 
haplotype 20  - were collected in early spring and leaf material was not 
available at the time of collection.  
 An assessment of leaf shape suggests there is robust population 
structure in L. tulipifera and that populations surviving the LGM in southern 
refugia migrated to northern localities. During the course of these 
investigations large differences in the shapes of leaves from trees growing in 
the acidic soils of the ACP, GCP, FP, and the more fertile soils of upland 







uplands and southeastern coastal plain that is visible in NC, SC, GA, as well 
as some parts of AL and MS. The boundary between leaf shapes is robust 
along the Sandhills region of the southeast and can be seen when one travels 
a short distance (about 65 km) from the piedmont city of Chapel Hill, NC to 
the upper coastal plain city of Clayton, NC (Fig. 1, inset ‘i’ and ‘e’). In Liberty 
County, FL, the difference in leaf shape is remarkable. It was observed 
during fieldwork in this county that over a distance of approximately 15 km, 
from Bristol, FL to the Apalachicola River Bluffs, leaf shape drastically 
changes from orbicular to a typically upland shape, including six lobed 
leaves that are never observed in coastal plain populations. The pattern of 
round leaves in the coastal plain and pointy leaves in the uplands is the 
general rule in the Deep South. But in AL and MS, the flat coastal plain is 
narrow, extending only a few dozen kilometers inland. The distribution of 
leaf shapes becomes complex as one moves away from the narrow band of 
coastal plain. In two counties near the Gulf Coast (Stone and Forrest 
counties, MS) trees with round leaves typical of the coastal plain ecotype 
were observed growing next to trees with pointy leaves typical of upland 
trees. At a site less than a kilometer from the Gulf of Mexico (Jackson 
County, MS) a population was observed with a tree bearing round leaves in 
full bloom next to a tree with pointed leaves that lacked blooming flowers. 
An asynchronous reproductive phenology may exist between round and 
pointy leaved types. If trees with divergent leaf morphologies are descended 







two ecotypes occur in sympatry are zones of post-glacial secondary contact.  
 
Conclusions 
 The hypothesis raised by Parks et al. (1994) that an undescribed species 
of Liriodendron exists in the FP was tested using species discovery and 
validation methods. This study supports the recognition of a new species of 
Liriodendron centered in the FP. Identification of sub-clades within the 
continental L. tulipifera samples, as predicted by Parks’ allozyme data (Fig. 
2), was not supported by cpDNA sequences. A broader sampling of nuclear 
loci may recover a topology congruent with the clades of Parks et al. (1994). 
Surprisingly, leaf morphology does not correlate to haplotype. A more 
sophisticated approach is needed in order to understand the relationship 
between phenotype and genotype in this widespread, dominant forest tree. 
These analyses indicate the presence of more ice age refugia than was 
previously known, and the locations and number of these refugia should be 
investigated using environmental niche modeling techniques. The 
reproductive phenology of the Florida Peninsular population is probably 
different from all other populations and could act as a barrier to 
reproduction between continental and FP populations. Upland and coastal 
plain ecotypes may have divergent reproductive phenology as well, and this 
deserves further scrutiny in order to understand how divergent phenotypes 
can occur in sympatry. Barriers to reproduction associated with the Straits 













APPENDIX 1: SAMPLE AND LOCALITY INFORMATION. Information from 144 samples used in this study. 
†Haplotypes were calculated with plastid data only. ‡Presumed clade refers to the membership of each 
sample to clades hypothesized to exist according to the clustering analyses of Parks et al. (1994) allozyme 
data. In the gulf coastal plain, many individuals were assigned to clades based on their leaf shape. Samples 
with pointed leaves were assigned to the upland clade and samples with round leaves, to the coastal plain 
clade. CP = Coastal Plain; FP = Florida Peninsula; UP = Upland. *Structure population refers to the large-scale 
population that samples were assigned in Structure a priori to the analyses. These assignments were used to 
cluster samples in the bar plots and did not contribute any information used during the analyses. ACP = 
Atlantic Coastal Plain; CS - Central South of Alabama and Mississippi; FP = Florida Peninsula; GCP = Gulf 
Coastal Plain; CA = Central Appalachians; NA = Northern Appalachians; PD = Piedmont; SA = Southern 
Appalachians. §Fst population is the population each sample was assigned to estimate Fst. Source 













State County Latitude Longitude Source 
alba1 17 617359 CP GCP ! AL Baldwin 30.687 -87.7669 F 
alba2 11 617360 CP GCP ! AL Baldwin 30.687 -87.7669 F 
alch1 22 617361 UP CS " AL Chilton 32.9085 -86.6388 F 
alch2 22 617362 UP CS " AL Chilton 32.9059 -86.6367 F 
alco1 11 617363 CP CS " AL Conecuh 31.5061 -86.9214 F 
alco2 11 617364 UP CS " AL Conecuh 31.5061 -86.9214 F 
alda1 11 617365 UP CS " AL Dallas 32.4779 -87.0035 F 
alda2 11 617366 UP CS " AL Dallas 32.6172 -86.9556 F 
algr1 15 617367 UP CS " AL Greene 32.5279 -87.791 F 
allo1 11 617368 UP CS " AL Lowndes 32.3252 -86.5114 F 
allo2 11 617369 UP CS " AL Lowndes 32.3252 -86.5114 F 

















State County Latitude Longitude Source 
allo4 11 617371 CP CS " AL Lowndes 32.3287 -86.52 F 
allo5 19 617372 UP CS " AL Lowndes 32.3287 -86.52 F 
alsu1 11 617373 UP CS #$ AL Sumter 32.5279 -88.2994 F 
flcl1 13 617374 CP FP % FL Clay 30.1143 -81.8976 F 
flcl2 3 617375 FP FP % FL Clay 29.9819 -81.8472 MF 
flcl3 4 597771 FP FP % FL Clay 29.9819 -81.8472 MF 
fles1 19 595584 CP GCP ! FL Escambia 30.571 -87.403 F 
fles2 11 617376 CP GCP ! FL Escambia 30.571 -87.403 F 
flho1 24 595549 CP GCP &' FL Holmes 30.7635 -85.7019 F 
flje1 11 617377 CP GCP &# FL Jefferson 30.4877 -83.9589 F 
flla1 1 595768 FP FP &( FL Lake 28.8236 -81.4892 F 
flla2 1 617378 FP FP &( FL Lake 28.8236 -81.4892 F 
flla3 1 617379 FP FP &( FL Lake 28.8236 -81.4892 F 
flle1 14 595585 CP GCP &# FL Leon 30.3882 -84.6419 F 
flle2 11 596357 CP GCP &# FL Leon 30.4538 -84.422 F 
flle3 18 597456 CP GCP &# FL Leon 30.6331 -84.1777 F 
flle4 11 595664 CP GCP &# FL Leon 30.4538 -84.422 F 
flle5 10 595537 CP GCP &# FL Leon 30.4684 -84.4032 F 
flli1 11 595650 UP GCP &' FL Liberty 30.5309 -84.9698 F 
flli2 11 595662 UP GCP &' FL Liberty 30.5686 -84.9534 F 

















State County Latitude Longitude Source 
flli4 23 617383 CP GCP &' FL Liberty 30.3879 -84.6737 F 
flok1 11 595860 CP GCP ! FL Okaloosa 30.7372 -86.7326 F 
flor1 1 617384 FP FP &( FL Orange 28.75 -81.4775 F 
flor10 2 617385 FP FP &( FL Orange 28.7453 -81.4774 MF 
flor11 1 617386 FP FP &( FL Orange 28.745 -81.4778 F 
flor2 2 597775 FP FP &( FL Orange 28.7453 -81.4774 MF 
flor3 2 617387 FP FP &( FL Orange 28.7453 -81.4774 MF 
flor4 1 595547 FP FP &( FL Orange 28.7459 -81.4786 F 
flor5 1 595576 FP FP &( FL Orange 28.7459 -81.4786 F 
flor6 1 595548 FP FP &( FL Orange 28.745 -81.4778 F 
flor7 1 617388 FP FP &( FL Orange 28.745 -81.4778 F 
flor8 5 595544 FP FP &( FL Orange 28.745 -81.4778 F 
flor9 2 617389 FP FP &( FL Orange 28.7453 -81.4774 MF 
flpu1 6 617390 FP FP % FL Putnam 29.611 -81.7874 F 
flpu2 7 617391 FP FP % FL Putnam 29.6376 -81.764 F 
flpu3 11 595589 CP FP % FL Putnam 29.611 -81.7874 F 
flse1 1 617392 FP FP &! FL Seminole 28.7206 -81.3314 F 
flse2 8 617393 FP FP &! FL Seminole 28.7206 -81.3314 F 
flse3 9 617394 FP FP &! FL Seminole 28.7206 -81.3314 F 

















State County Latitude Longitude Source 
flse5 1 617396 FP FP &! FL Seminole 28.7206 -81.3314 F 
flse6 1 617397 FP FP &! FL Seminole 28.7206 -81.3314 F 
gabr1 10 617398 CP GCP $) GA Brooks 30.792 -83.4706 F 
gact1 20 617399 CP ACP $& GA Chatham 31.9806 -81.157 F 
gact2 20 617400 CP ACP $& GA Chatham 31.9806 -81.157 F 
gact3 20 617401 CP ACP $& GA Chatham 31.9806 -81.157 F 
gact4 20 617402 CP ACP $& GA Chatham 31.9806 -81.157 F 
gade1 24 617403 CP GCP $) GA Decatur 30.8758 -84.4152 F 
gagr1 22 617404 CP GCP $) GA Grady 30.8972 -84.2826 F 
galo1 10 617405 CP GCP $) GA Lowndes 30.7998 -83.3878 F 
gath1 16 617406 CP GCP $) GA Thomas 30.8779 -84.0553 F 
lc1 NA 598043 NA NA $" NA NA NA NA MF 
lc2 NA 597766 NA NA $" NA NA NA NA MF 
mv NA 617407 NA NA $( NC Orange 35.9131 -79.0486 F 
mobo1 11 617408 UP West #$ MO Bollinger 37.179 -90.1536 F 
mobo2 12 617409 UP West #$ MO Bollinger 37.169 -90.1233 F 
mobo3 12 617410 UP West #$ MO Bollinger 37.216 -90.1915 F 
msfo1 19 617411 CP GCP $! MS Forrest 31.1344 -89.2311 F 
msfo2 19 617412 CP GCP $! MS Forrest 31.1344 -89.2311 F 
msfo3 11 617413 CP GCP $! MS Forrest 31.133 -89.2421 F 

















State County Latitude Longitude Source 
msfo5 19 617415 UP GCP $! MS Forrest 31.1094 -89.2192 F 
msja1 16 617416 UP CS #$ MS Jasper 31.9709 -88.9617 F 
msja2 15 617417 UP CS #$ MS Jasper 31.9709 -88.9617 F 
msja3 15 617418 UP CS #$ MS Jasper 31.9709 -88.9617 F 
msjk1 11 617419 CP GCP #& MS Jackson 30.3965 -88.777 F 
msjk2 11 617420 CP GCP #& MS Jackson 30.3965 -88.777 F 
msjk3 11 617421 CP GCP #& MS Jackson 30.3988 -88.7767 F 
msjk4 11 617422 CP GCP #& MS Jackson 30.3965 -88.777 F 
msla1 11 617423 UP CS #$ MS Lauderdale 32.3777 -88.6725 F 
msla2 22 617424 UP CS #$ MS Lauderdale 32.3469 -88.7128 F 
msla3 22 596365 UP CS #$ MS Lauderdale 32.3469 -88.7128 F 
msma1 11 617425 UP CS $! MS Marion 31.2522 -89.8665 H 
msst1 11 617426 CP GCP $! MS Stone 30.813 -89.1368 F 
msst2 11 617427 UP GCP $! MS Stone 30.8079 -89.1366 F 
msst3 11 617451 CP GCP $! MS Stone 30.6886 -89.1324 F 
ncbu1 11 598076 UP SA #) NC Buncombe 35.4887 -82.6329 MF 
ncbu2 11 598517 UP SA #) NC Buncombe 35.4887 -82.6329 MF 
ncbu3 22 617430 UP SA #) NC Buncombe 35.4887 -82.6329 MF 
ncga1 11 617431 UP ACP '$ NC Gates 36.4275 -76.6851 F 

















State County Latitude Longitude Source 
ncjn2 11 617433 UP ACP #( NC Jones 35.0276 -77.1327 F 
ncjn3 20 617434 CP ACP #( NC Jones 35.0264 -77.1391 F 
ncjn4 20 617435 CP ACP #( NC Jones 35.0272 -77.1362 F 
ncjn5 20 617436 CP ACP #( NC Jones 35.0272 -77.1362 F 
ncjo1 21 617437 CP ACP #% NC Johnson 35.5814 -78.3791 F 
ncjo2 11 599300 CP ACP #% NC Johnson 35.5698 -78.344 F 
ncjo3 20 599299 CP ACP #% NC Johnson 35.5698 -78.344 F 
ncjo4 20 617438 CP ACP #% NC Johnson 35.5814 -78.3791 F 
ncle1 11 599323 CP ACP #! NC Lenoir 35.1989 -77.7241 F 
ncle2 11 599294 CP ACP #! NC Lenoir 35.2105 -77.6952 F 
ncle3 20 617439 CP ACP #! NC Lenoir 35.1989 -77.7241 F 
ncle4 11 599298 CP ACP #! NC Lenoir 35.2105 -77.6952 F 
ncle5 20 617440 CP ACP #! NC Lenoir 35.2105 -77.69 F 
ncno1 11 617441 UP PD '$ NC Northampton 36.4452 -77.3213 F 
ncon1 11 569070 CP ACP #( NC Onslow 34.6105 -77.5827 H 
ncor1 11 597218 UP PD '$ NC Orange 35.913 -79.0517 F 
ncor2 11 597451 UP PD '$ NC Orange 35.9261 -79.0438 F 

















State County Latitude Longitude Source 
ncpa1 21 389112 UP ACP #( NC Pasquotank 36.2894 -76.2597 H 
nydu1 11 597454 UP NA '' NY Dutchess 41.6865 -73.8942 F 
nydu2 11 597455 UP NA '' NY Dutchess 41.6865 -73.8942 F 
nyon1 11 598071 UP NA '' NY Oneida 43.177 -75.731 MF 
nyon3 11 597458 UP NA '' NY Oneida 43.177 -75.731 MF 
pafr1 11 597991 UP CA )' PA Franklin 39.8399 -77.542 MF 
pafr2 11 598042 UP CA )' PA Franklin 39.8399 -77.542 MF 
pasc1 22 597997 UP CA )' PA Schuylkil 40.5577 -76.5377 MF 
scco1 11 164383 CP ACP $& SC Colleton 33.0656 -80.808 H 
scge1 11 598059 CP ACP $& SC Georgetown 33.2969 -79.343 MF 
scge2 11 599493 CP ACP $& SC Georgetown 33.2969 -79.343 MF 
scne1 21 597993 UP PD '$ SC Newberry 34.395 -81.5638 MF 
scne2 20 599496 UP PD '$ SC Newberry 34.395 -81.5638 MF 
scoc1 11 597990 UP SA #) SC Oconee 34.8617 -83.1467 MF 
scoc2 11 597995 UP SA #) SC Oconee 34.8617 -83.1467 MF 
vaal1 20 617442 UP CA )$ VA Alleghany 38.6381 -78.6089 F 
vaal2 11 617443 UP CA )$ VA Alleghany 38.6381 -78.6089 F 



















State County Latitude Longitude Source 
vapa1 11 617445 UP SA )$ VA Patrick 36.7403 -80.2431 MF 
vapa2 11 617446 UP SA )$ VA Patrick 36.7403 -80.2431 MF 
vapg1 11 617447 UP CA )' VA Page 38.6381 -78.6089 F 
vapg2 11 617448 UP CA )' VA Page 38.6381 -78.6089 F 
vapg3 11 617449 UP CA )' VA Page 38.6381 -78.6089 F 
vash1 11 597769 UP SA )' VA Shenandoah 38.7813 -78.5084 MF 
wvfa1 20 598067 UP CA )( WV Fayette 38.8691 -81.0739 F 
wvfa2 11 598040 UP CA )( WV Fayette 38.0705 -81.0792 F 
wvma1 11 597989 UP CA )( WV Marion 39.5133 -79.9947 MF 








APPENDIX 2: Q VALUES FROM STRUCTURE ANALYSES, K = 4. The Q 
values are the population assignments estimated by Structure. 
Population identifiers were used to construct the bar plots and did 
not contribute to the Structure analyses. The four clusters 
identified are: Cluster 1 = Florida Peninsula; Cluster 2 = Continental 
North America; Cluster 3 = L. chinense.; Cluster 4 = M. virginiana. 
 
ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 
alba1 3 0.026 0.96 0.007 0.007 
alba2 3 0.008 0.981 0.006 0.006 
alch1 4 0.011 0.978 0.006 0.006 
alch2 4 0.01 0.978 0.006 0.006 
alco1 4 0.007 0.983 0.004 0.006 
alco2 4 0.007 0.982 0.005 0.006 
alda1 4 0.007 0.982 0.005 0.006 
alda2 4 0.007 0.982 0.005 0.006 
algr1 4 0.011 0.975 0.006 0.007 
allo1 4 0.001 0.985 0.004 0.009 
allo2 4 0.001 0.985 0.004 0.009 
allo3 4 0.001 0.985 0.004 0.009 
allo4 4 0.001 0.985 0.004 0.009 
allo5 4 0.001 0.985 0.004 0.009 
alsu1 4 0.011 0.976 0.004 0.008 
flcl1 2 0.089 0.902 0.004 0.006 
flcl2 2 0.944 0.047 0.003 0.005 
flcl3 2 0.944 0.048 0.003 0.005 
fles1 3 0.008 0.981 0.005 0.006 
fles2 3 0.008 0.981 0.005 0.006 
flho1 3 0.012 0.975 0.006 0.007 
flje1 3 0.009 0.978 0.006 0.007 
flla1 2 0.959 0.032 0.005 0.005 
flla2 2 0.959 0.032 0.005 0.005 
flla3 2 0.959 0.032 0.005 0.005 
flle1 3 0.018 0.975 0.003 0.004 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 
flle3 3 0.038 0.955 0.003 0.004 
flle4 3 0.005 0.989 0.003 0.003 
flle5 3 0.006 0.988 0.003 0.004 
flli1 3 0.006 0.983 0.005 0.005 
flli2 3 0.006 0.983 0.005 0.005 
flli3 3 0.007 0.982 0.005 0.005 
flli4 3 0.055 0.928 0.008 0.009 
flok1 3 0.009 0.977 0.006 0.007 
flor1 2 0.979 0.015 0.003 0.003 
flor10 2 0.979 0.015 0.003 0.003 
flor11 2 0.979 0.015 0.003 0.003 
flor2 2 0.979 0.015 0.003 0.003 
flor3 2 0.979 0.015 0.003 0.003 
flor4 2 0.979 0.015 0.003 0.003 
flor5 2 0.979 0.015 0.003 0.003 
flor6 2 0.979 0.015 0.003 0.003 
flor7 2 0.979 0.015 0.003 0.003 
flor8 2 0.978 0.016 0.003 0.003 
flor9 2 0.979 0.015 0.003 0.003 
flpu1 2 0.94 0.052 0.004 0.004 
flpu2 2 0.939 0.052 0.004 0.005 
flpu3 2 0.039 0.952 0.004 0.004 
flse1 2 0.94 0.052 0.004 0.004 
flse2 2 0.7 0.291 0.004 0.005 
flse3 2 0.931 0.061 0.004 0.004 
flse4 2 0.94 0.052 0.004 0.004 
flse5 2 0.94 0.052 0.004 0.004 
flse6 2 0.94 0.052 0.004 0.004 
gabr1 3 0.009 0.978 0.006 0.007 
gact1 5 0.009 0.982 0.004 0.005 
gact2 5 0.009 0.982 0.004 0.005 
gact3 5 0.009 0.982 0.004 0.005 
gact4 5 0.009 0.982 0.004 0.005 
gade1 3 0.011 0.975 0.006 0.007 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 
galo1 3 0.01 0.977 0.007 0.007 
gath1 3 0.01 0.976 0.007 0.007 
lc1 1 0.003 0.009 0.986 0.002 
lc2 1 0.003 0.009 0.986 0.002 
lc3 1 0.003 0.009 0.986 0.002 
lc4 1 0.003 0.009 0.986 0.002 
lc5 1 0.003 0.009 0.986 0.002 
lc6 1 0.003 0.009 0.986 0.002 
lc7 1 0.003 0.009 0.986 0.002 
lc8 1 0.003 0.009 0.986 0.002 
lc9 1 0.003 0.009 0.986 0.002 
lc10 1 0.003 0.009 0.986 0.002 
lc11 1 0.003 0.009 0.986 0.002 
lc12 1 0.003 0.009 0.986 0.002 
lc13 1 0.003 0.009 0.986 0.002 
lc14 1 0.003 0.009 0.986 0.002 
lc15 1 0.003 0.009 0.986 0.002 
lc16 1 0.003 0.009 0.986 0.002 
lc17 1 0.003 0.009 0.986 0.002 
lc18 1 0.003 0.009 0.986 0.002 
lc19 1 0.003 0.009 0.986 0.002 
lc20 1 0.003 0.009 0.986 0.002 
mv1 0 0.002 0.008 0.002 0.989 
mv2 0 0.002 0.008 0.002 0.988 
mv3 0 0.002 0.008 0.002 0.988 
mv4 0 0.002 0.008 0.002 0.988 
mv5 0 0.002 0.008 0.002 0.988 
mv6 0 0.002 0.008 0.002 0.988 
mv7 0 0.002 0.008 0.002 0.989 
mv8 0 0.002 0.008 0.002 0.989 
mv9 0 0.002 0.008 0.002 0.989 
mv10 0 0.002 0.008 0.002 0.989 
mv11 0 0.002 0.008 0.002 0.988 
mv12 0 0.002 0.008 0.002 0.988 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 
mv14 0 0.002 0.008 0.002 0.989 
mv15 0 0.002 0.008 0.002 0.989 
mv16 0 0.002 0.008 0.002 0.988 
mv17 0 0.002 0.008 0.002 0.989 
mv18 0 0.002 0.008 0.002 0.989 
mv19 0 0.002 0.008 0.002 0.989 
mv20 0 0.002 0.008 0.002 0.989 
mobo1 10 0.006 0.985 0.004 0.004 
mobo2 10 0.01 0.981 0.004 0.004 
mobo3 10 0.01 0.981 0.004 0.004 
msfo1 4 0.004 0.987 0.004 0.005 
msfo2 4 0.004 0.987 0.004 0.005 
msfo3 4 0.004 0.987 0.004 0.005 
msfo4 4 0.004 0.987 0.004 0.005 
msfo5 4 0.004 0.987 0.004 0.005 
msja1 4 0.019 0.977 0.001 0.002 
msja2 4 0.02 0.976 0.001 0.003 
msja3 4 0.02 0.976 0.001 0.003 
msjk1 3 0.006 0.986 0.004 0.004 
msjk2 3 0.006 0.985 0.004 0.004 
msjk3 3 0.006 0.986 0.004 0.004 
msjk4 3 0.006 0.986 0.004 0.004 
msla1 4 0.005 0.983 0.007 0.004 
msla2 4 0.008 0.981 0.007 0.005 
msla3 4 0.008 0.98 0.007 0.005 
msma1 4 0.008 0.98 0.006 0.007 
msst1 3 0.007 0.983 0.005 0.006 
msst2 3 0.007 0.983 0.005 0.006 
msst3 3 0.007 0.983 0.005 0.006 
ncbu1 7 0.007 0.982 0.005 0.005 
ncbu2 7 0.007 0.982 0.005 0.005 
ncbu3 7 0.01 0.979 0.005 0.005 
ncga1 6 0.009 0.978 0.007 0.007 
ncjn1 5 0.009 0.984 0.004 0.003 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 
ncjn3 5 0.009 0.984 0.003 0.003 
ncjn4 5 0.009 0.984 0.003 0.003 
ncjn5 5 0.009 0.984 0.004 0.003 
ncjo1 5 0.003 0.984 0.001 0.012 
ncjo2 5 0.003 0.984 0.001 0.012 
ncjo3 5 0.004 0.983 0.001 0.012 
ncjo4 5 0.004 0.983 0.001 0.012 
ncle1 5 0.005 0.987 0.003 0.004 
ncle2 5 0.005 0.987 0.003 0.004 
ncle3 5 0.008 0.985 0.003 0.004 
ncle4 5 0.005 0.987 0.003 0.004 
ncle5 5 0.008 0.985 0.003 0.004 
ncno1 6 0.009 0.978 0.006 0.007 
ncon1 6 0.009 0.977 0.007 0.007 
ncor1 6 0.006 0.983 0.005 0.006 
ncor2 6 0.006 0.983 0.005 0.006 
ncor3 6 0.006 0.984 0.005 0.006 
ncpa1 5 0.009 0.978 0.006 0.007 
nydu1 9 0.007 0.982 0.006 0.006 
nydu2 9 0.007 0.982 0.006 0.006 
nyon1 9 0.007 0.983 0.005 0.006 
nyon3 9 0.007 0.983 0.005 0.005 
pafr1 8 0.007 0.982 0.005 0.006 
pafr2 8 0.007 0.981 0.005 0.006 
pasc1 8 0.014 0.972 0.007 0.007 
scco1 5 0.008 0.979 0.006 0.007 
scge1 5 0.008 0.98 0.005 0.007 
scge2 5 0.008 0.98 0.005 0.007 
scne1 6 0.008 0.981 0.006 0.006 
scne2 6 0.011 0.977 0.005 0.006 
scoc1 7 0.006 0.984 0.004 0.006 
scoc2 7 0.006 0.984 0.004 0.006 
vaal1 8 0.01 0.981 0.004 0.005 
vaal2 8 0.007 0.984 0.004 0.005 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 
vapa1 7 0.007 0.981 0.006 0.006 
vapa2 7 0.007 0.981 0.006 0.006 
vapg1 8 0.005 0.985 0.004 0.006 
vapg2 8 0.005 0.985 0.004 0.006 
vapg3 8 0.005 0.985 0.004 0.006 
vash1 8 0.01 0.977 0.006 0.007 
wvfa1 8 0.011 0.977 0.005 0.006 
wvfa2 8 0.008 0.981 0.005 0.006 
wvma1 8 0.007 0.981 0.006 0.006 






































APPENDIX 3: Q VALUES FROM STRUCTURE ANALYSES, K = 5. The Q values are 
the population assignments estimated by Structure. Population identifiers were 
used to construct the bar plots and did not contribute to the Structure 
analyses. The five clusters identified are: Cluster 1 = Atlantic Coastal Plain; 
Cluster 2 = Continental North America; Cluster 3 = Magnolia virginiana; 
Cluster 4 = Liriodendron chinense; Cluster 5 = Florida Peninsula. 
 
ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 
alba1 3 0.038 0.918 0.008 0.008 0.028 
alba2 3 0.017 0.961 0.006 0.007 0.009 
alch1 4 0.334 0.635 0.006 0.007 0.018 
alch2 4 0.336 0.634 0.006 0.007 0.017 
alco1 4 0.017 0.961 0.007 0.007 0.009 
alco2 4 0.017 0.961 0.007 0.007 0.009 
alda1 4 0.012 0.977 0.004 0.003 0.004 
alda2 4 0.012 0.977 0.004 0.003 0.004 
algr1 4 0.022 0.95 0.008 0.008 0.012 
allo1 4 0.011 0.974 0.005 0.005 0.005 
allo2 4 0.011 0.974 0.005 0.005 0.005 
allo3 4 0.01 0.974 0.005 0.005 0.005 
allo4 4 0.011 0.974 0.005 0.005 0.005 
allo5 4 0.011 0.973 0.005 0.005 0.006 
alsu1 4 0.02 0.952 0.008 0.009 0.01 
flcl1 2 0.014 0.846 0.007 0.007 0.126 
flcl2 2 0.01 0.057 0.006 0.006 0.921 
flcl3 2 0.01 0.057 0.006 0.006 0.921 
fles1 3 0.016 0.964 0.006 0.006 0.007 
fles2 3 0.016 0.965 0.006 0.006 0.007 
flho1 3 0.039 0.932 0.008 0.008 0.013 
flje1 3 0.019 0.957 0.007 0.007 0.01 
flla1 2 0.008 0.032 0.006 0.006 0.947 
flla2 2 0.008 0.032 0.006 0.006 0.947 
flla3 2 0.008 0.032 0.006 0.006 0.947 
flle1 3 0.049 0.918 0.008 0.005 0.02 
flle2 3 0.022 0.961 0.006 0.004 0.006 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 
flle4 3 0.022 0.961 0.006 0.004 0.006 
flle5 3 0.027 0.954 0.006 0.005 0.007 
flli1 3 0.017 0.963 0.007 0.006 0.007 
flli2 3 0.017 0.963 0.007 0.006 0.007 
flli3 3 0.019 0.96 0.007 0.006 0.008 
flli4 3 0.072 0.86 0.007 0.007 0.053 
flok1 3 0.02 0.955 0.008 0.008 0.009 
flor1 2 0.004 0.015 0.003 0.004 0.974 
flor10 2 0.004 0.015 0.003 0.004 0.974 
flor11 2 0.004 0.015 0.003 0.004 0.974 
flor2 2 0.004 0.015 0.003 0.004 0.974 
flor3 2 0.004 0.015 0.003 0.004 0.975 
flor4 2 0.004 0.015 0.003 0.004 0.974 
flor5 2 0.004 0.015 0.003 0.004 0.974 
flor6 2 0.004 0.015 0.003 0.004 0.975 
flor7 2 0.004 0.015 0.003 0.004 0.974 
flor8 2 0.004 0.016 0.003 0.004 0.973 
flor9 2 0.004 0.014 0.003 0.004 0.975 
flpu1 2 0.01 0.059 0.006 0.006 0.919 
flpu2 2 0.01 0.06 0.006 0.006 0.919 
flpu3 2 0.014 0.934 0.006 0.006 0.041 
flse1 2 0.04 0.028 0.005 0.004 0.923 
flse2 2 0.018 0.246 0.006 0.004 0.727 
flse3 2 0.049 0.031 0.006 0.004 0.91 
flse4 2 0.04 0.028 0.005 0.004 0.923 
flse5 2 0.04 0.028 0.005 0.004 0.923 
flse6 2 0.04 0.028 0.005 0.004 0.923 
gabr1 3 0.026 0.946 0.008 0.008 0.012 
gact1 5 0.937 0.045 0.006 0.005 0.007 
gact2 5 0.938 0.045 0.006 0.005 0.007 
gact3 5 0.938 0.045 0.006 0.005 0.007 
gact4 5 0.938 0.045 0.006 0.005 0.007 
gade1 3 0.04 0.932 0.008 0.008 0.012 
gagr1 3 0.316 0.647 0.007 0.009 0.022 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 
gath1 3 0.022 0.95 0.008 0.008 0.012 
lc1 1 0.003 0.008 0.002 0.984 0.003 
lc2 1 0.003 0.008 0.002 0.984 0.003 
lc3 1 0.003 0.008 0.003 0.984 0.003 
lc4 1 0.003 0.008 0.002 0.984 0.003 
lc5 1 0.003 0.008 0.002 0.984 0.003 
lc6 1 0.003 0.008 0.002 0.984 0.003 
lc7 1 0.003 0.008 0.002 0.984 0.003 
lc8 1 0.003 0.008 0.002 0.984 0.003 
lc9 1 0.003 0.008 0.002 0.984 0.003 
lc10 1 0.003 0.008 0.002 0.984 0.003 
lc11 1 0.003 0.008 0.003 0.984 0.003 
lc12 1 0.003 0.008 0.002 0.984 0.003 
lc13 1 0.003 0.008 0.002 0.984 0.003 
lc14 1 0.003 0.008 0.002 0.984 0.003 
lc15 1 0.003 0.008 0.002 0.984 0.003 
lc16 1 0.003 0.008 0.002 0.984 0.003 
lc17 1 0.003 0.008 0.002 0.984 0.003 
lc18 1 0.003 0.008 0.002 0.984 0.003 
lc19 1 0.003 0.008 0.002 0.984 0.003 
lc20 1 0.003 0.008 0.002 0.984 0.003 
mv1 0 0.003 0.009 0.983 0.002 0.003 
mv2 0 0.003 0.009 0.983 0.002 0.003 
mv3 0 0.003 0.009 0.983 0.002 0.003 
mv4 0 0.003 0.009 0.983 0.002 0.003 
mv5 0 0.003 0.009 0.983 0.002 0.003 
mv6 0 0.003 0.009 0.983 0.002 0.003 
mv7 0 0.003 0.008 0.983 0.002 0.003 
mv8 0 0.003 0.009 0.983 0.002 0.003 
mv9 0 0.003 0.009 0.983 0.002 0.003 
mv10 0 0.003 0.009 0.983 0.002 0.003 
mv11 0 0.003 0.009 0.983 0.002 0.003 
mv12 0 0.003 0.009 0.983 0.002 0.003 
mv13 0 0.003 0.009 0.983 0.002 0.003 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 
mv15 0 0.003 0.009 0.983 0.002 0.003 
mv16 0 0.003 0.009 0.983 0.002 0.003 
mv17 0 0.003 0.009 0.983 0.002 0.003 
mv18 0 0.003 0.009 0.983 0.002 0.003 
mv19 0 0.003 0.009 0.983 0.002 0.003 
mv20 0 0.003 0.009 0.983 0.002 0.003 
mobo1 10 0.014 0.967 0.006 0.006 0.007 
mobo2 10 0.011 0.965 0.007 0.006 0.011 
mobo3 10 0.011 0.965 0.007 0.006 0.011 
msfo1 4 0.012 0.972 0.005 0.005 0.005 
msfo2 4 0.012 0.972 0.005 0.005 0.006 
msfo3 4 0.011 0.973 0.005 0.005 0.005 
msfo4 4 0.011 0.973 0.005 0.005 0.005 
msfo5 4 0.012 0.972 0.005 0.005 0.006 
msja1 4 0.014 0.964 0.006 0.005 0.01 
msja2 4 0.015 0.963 0.006 0.005 0.011 
msja3 4 0.015 0.963 0.006 0.005 0.011 
msjk1 3 0.012 0.971 0.005 0.005 0.006 
msjk2 3 0.012 0.971 0.005 0.005 0.007 
msjk3 3 0.012 0.971 0.005 0.005 0.007 
msjk4 3 0.012 0.971 0.005 0.005 0.007 
msla1 4 0.026 0.959 0.003 0.006 0.005 
msla2 4 0.194 0.786 0.003 0.007 0.011 
msla3 4 0.193 0.786 0.003 0.007 0.011 
msma1 4 0.018 0.957 0.007 0.007 0.011 
msst1 3 0.013 0.967 0.007 0.006 0.007 
msst2 3 0.013 0.967 0.007 0.006 0.007 
msst3 3 0.014 0.967 0.007 0.006 0.007 
ncbu1 7 0.027 0.953 0.006 0.006 0.008 
ncbu2 7 0.027 0.953 0.006 0.006 0.008 
ncbu3 7 0.266 0.702 0.006 0.006 0.02 
ncga1 6 0.021 0.953 0.008 0.008 0.01 
ncjn1 5 0.945 0.045 0.003 0.004 0.003 
ncjn2 5 0.077 0.913 0.003 0.004 0.003 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 
ncjn4 5 0.944 0.045 0.003 0.004 0.003 
ncjn5 5 0.945 0.045 0.003 0.004 0.003 
ncjo1 5 0.498 0.486 0.005 0.005 0.006 
ncjo2 5 0.071 0.913 0.005 0.005 0.005 
ncjo3 5 0.898 0.086 0.005 0.005 0.006 
ncjo4 5 0.899 0.085 0.005 0.005 0.006 
ncle1 5 0.057 0.933 0.002 0.002 0.006 
ncle2 5 0.057 0.933 0.002 0.002 0.006 
ncle3 5 0.85 0.139 0.002 0.002 0.007 
ncle4 5 0.057 0.933 0.002 0.002 0.006 
ncle5 5 0.851 0.138 0.002 0.002 0.007 
ncno1 6 0.023 0.952 0.009 0.007 0.009 
ncon1 6 0.025 0.953 0.007 0.007 0.008 
ncor1 6 0.015 0.966 0.006 0.006 0.007 
ncor2 6 0.015 0.966 0.006 0.006 0.007 
ncor3 6 0.015 0.966 0.006 0.006 0.007 
ncpa1 5 0.471 0.505 0.007 0.008 0.008 
nydu1 9 0.016 0.962 0.007 0.007 0.008 
nydu2 9 0.016 0.962 0.007 0.007 0.008 
nyon1 9 0.016 0.965 0.006 0.006 0.007 
nyon3 9 0.015 0.965 0.006 0.006 0.008 
pafr1 8 0.017 0.961 0.007 0.007 0.008 
pafr2 8 0.017 0.961 0.007 0.007 0.008 
pasc1 8 0.305 0.655 0.008 0.008 0.024 
scco1 5 0.018 0.957 0.008 0.007 0.009 
scge1 5 0.017 0.96 0.007 0.007 0.009 
scge2 5 0.017 0.96 0.007 0.007 0.009 
scne1 6 0.496 0.481 0.008 0.007 0.009 
scne2 6 0.886 0.091 0.008 0.007 0.009 
scoc1 7 0.017 0.963 0.007 0.006 0.008 
scoc2 7 0.017 0.963 0.007 0.006 0.008 
vaal1 8 0.871 0.109 0.006 0.006 0.008 
vaal2 8 0.04 0.942 0.006 0.006 0.007 
vaal3 8 0.039 0.942 0.006 0.006 0.007 





ID Population Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 
vapa2 7 0.016 0.963 0.007 0.007 0.007 
vapg1 8 0.013 0.974 0.003 0.003 0.007 
vapg2 8 0.013 0.973 0.003 0.003 0.007 
vapg3 8 0.013 0.974 0.003 0.003 0.007 
vash1 8 0.02 0.953 0.008 0.009 0.01 
wvfa1 8 0.887 0.094 0.006 0.006 0.008 
wvfa2 8 0.046 0.936 0.006 0.006 0.007 
wvma1 8 0.016 0.962 0.006 0.007 0.009 
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Table 1. Estimates of divergence time between Liriodendron 










Nie et al. 2008 
6.15 ± 3.31 rbcL Xiang et al. 2000 
10-16 allozymes 
Parks & Wendel 
1990 
12.4 ± 1.45 
cpDNA 
restriction sites 







Figure 1. Range map of Liriodendron tulipifera (in gray) and the sample 
locations used in this study (black diamonds). 137 samples from 55 
populations were used. Leaves are representative of the leaves observed in 
each population and are, in most cases, leaves of individuals from which 
DNA was extracted and analyzed. a) Orange Co., FL; b) Clay Co., FL; c) 
Georgetown Co., SC; d) Lenoir Co., NC; e) Johnston Co., NC; f) Dutchess Co., 
NY; g) Oneida Co., NY; h) Marion Co., WV; i) Orange Co., NC; j) Buncombe Co. 
NC; k) Newberry Co., SC; l) Lowndes Co., AL; m) Sumter Co., AL; n) Forrest 
Co., MS; o) Forrest Co., MS; p) Jackson Co., MS; q) Baldwin Co., AL; r) Liberty 
Co., FL; s) Leon Co., FL; t) L. chinense (for comparison). Dashed colored lines 
indicate boundaries of regions used in this study. UP = Upland; ACP = 
Atlantic Coastal Plain; GCP = Gulf Coastal Plain; CON = North American 








Figure 2. Dendrogram of hierarchical clustering analysis of allozyme data. 
Three distinct clades of L. tulipifera are recovered from a clustering analysis 










Table 2. Molecular marker primers. Primer sequences used in this study and their source. 
 
Molecular 





psbA-trnH ACAATCCACTGCCTTGAGC TAGACCTAGCTGCTGTTGAAGC newly designed newly designed 
trnL intron-
trnF CGAAATCGGTAGACGCTACG ATTTGAACTGGTGACACGAG 
Taberlet et al. 
1991 
Taberlet et al. 
1991 
trnK 5’-matK GGGGTTGCTAACTCAACGG GTTCGTAAAAAATCGATCCA Azuma et al. 
2011 
Azuma et al. 
1999 
LEAFY AGGTGACTAACCAGGTGTTC CAACCTRGTCTCTATGCACAA Nie et al. 2008 Nie et al. 2008 
ITS4_LIRTUL - GATATGCTTAAACTCAGCG - newly designed 
ITS4 - TCCTCCGCTTATTGATATGC - White et al. 1990 
ITS5 GGAAGGAGAAGTCGTAACAAGG - White et al. 1990 - 
ITS5_Leu GTCCACTGAACCTTATCATTTAG - Li et al. 2011 - 






Table 3. Fst  values for 21 sub-regional groups and two outgroups. N is the sample size. Abbreviations for sub-
regional groups and outgroups are: mv, Magnolia virginiana; lc, Liriodendron chinense; wv, West Virginia; ncjn, 
North Carolina - Jones County; s.va, southern Virginia; flor, Florida - Orange County; s.app. southern 
Appalachian Mountains; ncjo, North Carolina - Johnson County; n.fl.pe, north Florida Peninsula; c.ms, central 
Mississippi; w.gulf, western Gulf Coast; flle, Florida - Leon County; pied, Piedmont; e.gulf, eastern Gulf Coast; 
flli, Florida - Liberty County; c.app, central Appalachian Mountains; s.ga.cp, southern Georgia Coastal Plain; 
n.app northern Appalachian Mountains; c.al, central Alabama; ncle, North Carolina - Lenoir County; s.c.ms, 
south central Mississippi; flse, Florida - Seminole County. 
 
 N mv lc wv ncjn s.va flor s.app sc.ga.cp ncjo n.fl.pe c.ms 
mv 4 0.9923           
lc 3 0.9874 0.9787          
wv 4 0.9857 0.9679 0.2012         
ncjn 7 0.9882 0.9792 0.0036 0.2571        
s.va 5 0.9808 0.9480 0.7306 0.7964 0.7587       
flor 14 0.9943 1.0000 0.1563 0.5102 0.1111 0.7989      
s.app 5 0.9838 0.9614 0.0964 0.0222 0.1380 0.7767 0.3571     
sc.ga.cp 5 0.9875 0.9792 0.2500 0.0015 0.3025 0.7586 0.6250 0.0319    
ncjo 4 0.9761 0.9362 0.4006 0.5247 0.4222 0.4309 0.4762 0.4727 0.5048   
n.fl.pe 6 0.9955 1.0000 0.1923 0.5952 0.1429 0.8629 NaN 0.4396 0.6818 0.5556  
c.ms 10 0.9936 1.0000 0.1429 0.4762 0.1000 0.7704 NaN 0.3265 0.6000 0.4444 NaN 
w.gulf 4 0.9947 1.0000 0.1667 0.5357 0.1200 0.8192 NaN 0.3810 0.6429 0.5000 NaN 
flle 6 0.9856 0.9672 0.0015 0.1837 0.0095 0.7750 0.1429 0.0833 0.2012 0.4336 0.1905 
pied 7 0.9943 1.0000 0.1563 0.5102 0.1111 0.7989 NaN 0.3571 0.6250 0.4762 NaN 
e.gulf 5 0.9943 1.0000 0.1563 0.5102 0.1111 0.7989 NaN 0.3571 0.6250 0.4762 NaN 






 N mv lc wv ncjn s.va flor s.app sc.ga.cp ncjo n.fl.pe c.ms 
c.app 7 0.9943 1.0000 0.1563 0.5102 0.1111 0.7989 NaN 0.3571 0.6250 0.4762 NaN 
s.ga.cp 5 0.9936 1.0000 0.1429 0.4762 0.1000 0.7704 NaN 0.3265 0.6000 0.4444 NaN 
n.app 4 0.9957 1.0000 0.2000 0.6122 0.1500 0.8745 NaN 0.4571 0.6923 0.5714 NaN 
c.al 12 0.9853 0.9720 0.0667 0.0459 0.1000 0.7288 0.3571 0.0048 0.0667 0.4271 0.4167 
ncle 4 0.9842 1.0000 0.0625 0.2381 0.0400 0.5017 NaN 0.1429 0.3750 0.2222 NaN 
s.c.ms 9 0.9954 1.0000 0.1875 0.5844 0.1385 0.8553 NaN 0.4286 0.6750 0.5455 NaN 
flse 6 0.9891 0.9806 0.8069 0.8207 0.8203 0.1107 0.8981 0.7930 0.8316 0.4684 0.9238 
             
 w.gulf flle pied e.gulf flli c.app s.ga.cp n.app c.al ncle s.c.ms flse 
w.gulf NaN            
flle 0.1270 0.1558           
pied NaN NaN 0.1429          
e.gulf NaN NaN 0.1429 NaN         
flli NaN NaN 0.1667 NaN NaN        
c.app NaN NaN 0.1429 NaN NaN NaN       
s.ga.cp NaN NaN 0.1270 NaN NaN NaN NaN      
n.app NaN NaN 0.2017 NaN NaN NaN NaN NaN     
c.al 0.3333 0.3750 0.0459 0.3571 0.3571 0.3889 0.3571 0.3333 0.4286    
ncle NaN NaN 0.0476 NaN NaN NaN NaN NaN NaN 0.1667   
s.c.ms NaN NaN 0.1837 NaN NaN NaN NaN NaN NaN 0.4091 NaN  








Table 4. DNA polymorphism data. Abbreviations: N, sample size; H, number of haplotypes; Hd, haplotype 
diversity; S, number of segregating sites (i.e. number of single nucleotide polymorphisms (SNPs)); K, average 
number of nucleotide differences; !, nucleotide diversity. * Denotes indels where used in the calculation of 
the statistic. 
 
Species/Pop. N H H* Hd Hd* S S* K K* ! !* 
M. virginiana 4 4 4 1.00000 1.00000 5 13 2.500 6.50000 0.00126 0.00125 
L. chinense 3 1 1 0.00000 0.00000 0 0 0.000 0.00000 0.00000 0.00000 
Florida Peninsula 24 5 9 0.486 0.69565 4 9 0.540 1.17391 0.00027 0.00030 
Continental 113 6 15 0.314 0.64760 4 13 0.323 1.06226 0.00016 0.00016 
Atlantic Coastal 
Plain 15 1 1 0.00000 0.00000 0 0 0.000 0.00000 0.00000 0.00000 
Uplands 98 5 14 0.119 0.55333 4 13 0.121 0.77677 0.00006 0.00006 
L. tulipifera 137 10 10 0.519 0.51900 9 9 0.933 0.933 0.00046 0.00046 









Table 5. Tests of neutrality. Abbreviations used: D, 
Tajima’s D; D test, significance test of Tajima’s D; Fs, 




D D test Fs Fs test 
M. virginiana -0.04426 0.00000 0.58359 0.00000 
L. chinense NA NA NA NA 
Florida 
Peninsula -0.02036 0.01300 0.12524 0.00000 
Continental 0.04412 0.00000 -0.00233 0.00124 
Atlantic 
Coastal Plain NA NA NA NA 
Upland -0.01872 0.00000 -0.08472 0.00000 












          
 
Figure 3. Maximum likelihood tree. Three molecular markers from the 
plastid genome were used to build this tree with RAxML. Only unique 
haplotypes were analyzed and samples with duplicate sequences were 
removed with RAxML. 1000 rapid bootstraps (BS) replicates were performed 
and numbers above branches are BS support values. Tips are labeled by 
haplotype number or by sample name (MV = Magnolia virginiana; LC = 










Figure 4. Barplots of Structure inferred clusters. Top) K = 4 was the value of 
K selected by the Evanno et al. (2005) method. Bottom) The model with the 
highest probability is K = 5. In the K = 4 model, two Florida Peninsula 
samples are assigned to the continental population. These individuals are in 
the northern Florida Peninsula and are likely recent migrants. One additional 
sample (flse2) has a low amount of admixture (Q < 0.291). All other Florida 
Peninsula samples are assigned to this population with high confidence (Q > 
0.931). In the K = 5 model, the ACP population (blue) is admixed with many 
of the regional populations, from the Gulf Coast to the Mid-Appalachian 
Mountains. Only the northern Appalachian Mountain and Missouri 
populations are not admixed with the ACP population. Yellow, M. virginiana; 
purple, L. chinense; red, Florida Peninsula population; green, continental 
population; blue, Atlantic Coastal Plain population. Outgroups and regional 
populations are identified with numbers: 1) MV, M. virginiana; 2) LC, L. 
chinense; 3) FP, Florida Peninsula; 4) GC, Gulf Coast; 5) SC MS/AL, South 
Central Mississippi & Alabama; 6) ACP, Atlantic Coastal Plain; 7) PIED, 
Piedmont; 8) S APP, southern Appalachian Mountains; 9) M APP, Mid-













































Figure 5. Plot of the Ln(D) and !K. The mean natural log of the probability of 
the data is plotted as blue circles, with vertical black lines representing 1 
standard deviation. !K, the mean of the second order rate change of Ln(D), 
is plotted as blue points and lines. The peak of !K at K = 4 indicates this 
value of K is the most likely value of K, as defined by Evanno et al. (2005). 


































































   














Figure 6. Plots of parameter alpha from Structure analyses K = 4 and K = 5. 
The burn-in period was set to 100,000 iterations and these plots 
demonstrate that alpha achieves convergence and maintains stability 

















Burn−in = 100,000 iterations












Figure 7. Neighbor-joining tree of Fst. 21 sub-regional populations and 2 
outgroups were clustered with a hierarchical clustering of pairwise Fst . K = 5 
is recovered from this method: yellow, M. virginiana (mv); purple, L. chinense 
(lc); red, Florida Peninsula; green, uplands; blue, Atlantic Coastal Plain, 
Piedmont, and West Virginia. List of sub-regional and outgroup 
abbreviations: mv, Magnolia virginiana; lc, Liriodendron chinense; wv, West 
Virginia; ncjn, North Carolina - Jones County; s.va, southern Virginia; flor, 
Florida - Orange County; s.app. southern Appalachian mountains; ncjo, 
North Carolina - Johnson County; n.fl.pe, north Florida Peninsula; c.ms, 
central Mississippi; w.gulf, western Gulf Coast; flle, Florida - Leon County; 
pied, Piedmont; e.gulf, eastern Gulf Coast; flli, Florida - Liberty County; 
c.app, central Appalachian Mountains; s.ga.cp, southern Georgia Coastal 
Plain; n.app northern Appalachian Mountains; c.al, central Alabama; ncle, 









Table 6. Analysis of molecular variance (AMOVA) results. The hypothesis 
provided by Parks et al. (1994) allozyme data does not partition the plastid 
data significantly (p-value = 0.270) and is rejected in favor of the 4 clusters 
inferred by Structure. 
 
Hypothesis Df SSE MSE F-stat R2 Pr(>F) 
4 Structure 
Groups 
3 0.0040495 0.00134983 19752.6 0.99765 0.001 
Parks’ 
Hypothesis 
2 0.0000001 0.00000006 0.8 0.00003 0.270 
Residuals 138 0.0000094 0.00000007  0.00232  











Table 7. SpedeSTEM validation results. The five clusters inferred 
by Structure and a neighbor-joining tree of Fst were validated 
under a coalescent species tree model. SpedeSTEM permutes the 
models and ranks them according to the natural log of the 
probability of the data (Ln(D)); Akaike Information Criterion (AIC); 





 Structure inferred Clusters 
 
K Ln(D) AIC !i Likelihood w
i
 
4 -659.08925 1326.17849 0 1 1 
3 -3292 x 105 65843 x 105 65843 x 105 0 0 
2 -9876 x 105 19753 x 105 19753 x 105 0 0 
Fst  inferred Clusters 
K Ln(D) AIC !i Likelihood w
i
 
3 -686.23758 1378.47516 0 1 0.9999 
4 -702.40402 1412.80805 34.332895 0 0 
2 -9876 x 10
6
 19753 x 10
7
 19753 x 10
7











Figure 8. Histogram of isolation by distance (IBD) permutation test. The x-
axis is the simulated value of correlations between geographic and genetic 
distances using Edward’s distances. The black diamond in the center of the 
histogram is the observed correlation between geographic and genetic 
distances. When the observed correlation falls within the simulated 
distribution of correlations, IBD is rejected. The alternative hypothesis that 
the genetic structure observed in Liriodendron tulipifera is explained by 
isolation by distance was rejected by mantel tests (p-value = 0.377).






















Figure 9. Plastid haplotypes in Liriodendron tulipifera. 24 haplotypes are 
spatially structured by the survival of L. tulipifera populations in allopatric 
refugia in the southern half of the continent during Pliocene and Pleistocene 
glacial cycles. The haplotype network was computed with TCS v. 1.21. Pie 
chart size is proportional to sampling effort. Jitter was added to the latitude 
and longitude of samples to eliminate overlapping pie charts. Range of L. 
tulipifera is in gray. Ambiguously colored haplotypes are labeled. Haplotypes 
of individual samples are found in Appendix 1.  
